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ABSTRACT

The present study utilizes electrophysiological and
neuroanatomical techniques to investigate the functional organization
of the gustatory system in the brainstem and the forebrain of the
channel catfish, Ictalurus punctatus.

Neuroanatomical studies

indicate an overlapping, segmental pattern of projection of
glossopharyngeal-vagal branches in the vagal lobe.

The vagal nerve

complex is divisible into an interoceptive input (consisting of
general visceral fibers) from abdominal viscera and an
exteroceptive-branchial component (consisting of special and general
visceral fibers) innervating the oro-pharyngeal region.

The

interoceptive-visceral input converges onto the exteroceptive,
oro-pharyngeal input in the nucleus intermedius of the vagal lobe
(nIV).

In addition, extra-oral and oral gustatory information

converges onto the nucleus intermedius of the facial lobe (nIF) and
sensory inputs from separate regions of the oropharynx converge onto
separate halves of the dorsal cap of the vagal lobe.

Overlapping

taste and tactile sensory maps of the oropharynx are present in the
vagal lobe of the catfish.

The representation of the oropharynx is

less well defined than the somatotopic map in the facial lobe except
for the bilaterally mapped extra-oral surface.

Gustatory information

reaches the area dorsalis pars medialis of the telencephalon and
several nuclei in the ventral diencephalon of the catfish.

The

central gustatory pathway ascends from the medulla to the level of the
diencephalon via the secondary gustatory nucleus as well as to the

xiv

telencephalon via small neurons in the diencephalic lobo-bulbar
nucleus.

Neurons in the gustatory region of the telencephalon descend

to the diencephalic level primarily via the medial forebrain bundle.

GENERAL INTRODUCTION

Among teleosts, ictalurid catfishes exhibit an unusual
enlargement of the gustatory system so that taste buds are present on
extra-oral as well as oral surfaces (Herrick,

'01, '05).

All

extra-oral taste buds, including those on the flank and caudal fin,
are innervated by branches of the facial nerve (cranial nerve VII),
which terminate in the facial lobe in the rostral medulla.

The

majority of oral

taste buds are innervated either by the

glossopharyngeal

(IX) nerve or branches of the vagal (X) nerve which

terminate centrally in the vagal lobe, a mid-medullary structure.
Both the oral and extra-oral taste systems are important for the
regulation and coordination of feeding behaviors in the catfish.
Feeding behavior

in catfishes is separable into (i) food search and

pick up and (ii)

ingestion or rejection.

The extra-oral taste system

enables the catfish to locate a food source in the environment
(Herrick,

'04; Bardach et al.,

'67; Atema,

'71; Johnsen and Teeter,

'81), while the oral taste system determines whether the potential
food is to be swallowed or rejected (Atema,

'71) (Fig. 1).

The

observed behavioral differences associated with the two systems
correspond to the distinct populations of taste buds associated with
each system (Herrick,

'01), differences in the spectrum of

chemosensory Information transmitted by each system (Caprio,
Kanwal and Caprio,

'75, '78;

'83), and their separate patterns of neural

connectivity in the brainstem (Finger and Morita,

1

*85).

Figure 1.

Schematic representation of the anatomical and behavioral

distinctions between the extra-oral and oral gustatory systems in the
brainstem of ictalurid catfishes.

SENSORY
I NPUT

FISH
BRAIN

BEHAVI ORAL
OUT PUT

extra'
-oral -

facial
l obe

(oral)

food

search
and
p i c k uo

vagal
l obe

selective
i ngestion

Fig, l

4

The present study uses a combination of electrophysiological and
neuroanatomical techniques to focus on understanding the functional
organization of the gustatory system within the brains of ictalurid
catfishes.

This research examines the possible neuroanatomical and

neurophysiological features of feeding behavior.

Previous studies

have dealt with the physiological nature of the facial (Caprio,
'78) and glossopharyngeal-vagal (Kanwal and Caprio,

'75,

'83) inputs, and

with the organization of the primary afferent fibers in the facial
lobe (Finger,

'78; Marui and Caprio,

'82) of the catfish.

Neuroanatomical studies also established neural connectivity of the
facial and vagal lobes within the brainstem (Finger,

'76, '78, '83).

In contrast, detailed information about the pattern of central
termination of primary fibers of the glossopharyngeal-vagal afferents
in the vagal lobe is lacking.

Also, implications from recent studies

on the comparative organization of the vertebrate forebrain (Northcutt
and Braford,

'80) as well as on evoked feeding by electrical

stimulation of the diencephalon in the sunfish (Demski,

'83) suggested

the presence of gustatory centers in the fish forebrain.

Possible

neural connections of the gustatory system within the diencephalon and
telencephalon, however, have not been fully explored.

The present

investigation, thus, provides new information on some, of the
physiological characteristics and neural organization of the gustatory
system within the vagal lobe and within the forebrain of ictalurid
catfishes.

The results are discussed from the viewpoint of

comparative anatomical and neuroethological principles.
The specific projects reported in this thesis are presented as
three chapters which introduce and discuss different aspects of neural

5

organization of the gustatory system in the brains of ictalurid
catfish.

An earlier electrophysiological study related to the present

research is included in the appendix.

Chapter 1 reports

neuroanatomical results obtained by using HRP (horseradish peroxidase)
to trace the central projections of the IX-X nerve complex.

This

study is critical for understanding the organization of the neural
substrate necessary for processing gustatory and
interoceptive-visceral (transmitted by descending branch of X)
information related to reflex swallowing and regulation of food
intake.

As the first detailed study of neural organization in the

posterior medullary region (vagal lobe) of catfish, this study also
has general implications for a comparative analysis.
Chapter 2 describes an electrophysiological study of the neural
organization in the vagal lobe and complements the anatomical results
presented in chapter 1.

Chapter 2 also provides preliminary

information on the response characteristics of vagal lobe neurons and
the manner of neural transformations in the brainstem of teleosts.
Thus, important features of the unilateral oro-pharyngeal map in the
vagal lobe, such as the overlap of taste and tactile inputs from
similar regions of the oropharynx, are delineated.
'Chapter 3 establishes patterns of neural connectivity of
gustatory neurons within the forebrain (telencephalon and
diencephalon) and of gustatory and interoceptive-visceral inputs to
the forebrain and brainstem of ictalurid catfishes.

These include the

localization of a diencephalic gustatory center and identification and
description of other diencephalic and telencephalic areas which may be
involved in the processing of gustatory information.

6

Included in the appendix are the results of an
electrophysiological study of the peripheral nerve responses of two
discrete branches of the facial nerve, one innervating taste buds on
the nasal barbel (ramus opthalmlcus superficialis) and the other
innervating taste buds on the rostral palate (ramus palatinus).

This

study tested for a possible influence of location of the taste bud
(oral versus extra-oral) on the facial nerve response and was an
extension of previous studies on responses to amino acids of other
branches of the facial nerve in the same species (Caprio,
Davenport and Caprio,

'82).

'75, '78;

Thresholds, dose-response curves and

cheroospecificities of the ramus palatinus and ramus opthalmicus
superficialis nerves were established and compared to responses of
facial nerve branches innervating taste buds in other extra-oral
regions in the catfish.
In summary, this thesis indicates that separate and parallel
ascending pathways exist for interoceptive-visceral, oral gustatory
and extra-oral gustatory inputs.

Further research on the neural

organization and interactions between these sensory channels may
elucidate the neural substrate affecting food selection and the
motivation to feed.

As a first report for the representation of

gustation in the teleostean telencephalon, this study, makes an
important contribution by upholding the modern perspective on the
organization of the teleostean telencephalon in that this brain region
processes various non-olfactory as well as olfactory neural inputs.
This result also suggests the possibility for the integration of
sensory information and modulation of feeding behavior by
telencephalic nuclei.
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CHAPTER 1

CENTRAL PROJECTIONS OF THE IX AND X NERVES IN THE CHANNEL CATFISH:
CLUES TO DIFFERENTIAL PROCESSING OF VISCERAL INPUTS

Jagmeet S. Kanwal and John Caprio

Dept, of Zoology & Physiology,
Louisiana State University,
Baton Rouge, LA 70803

ABSTRACT

Transganglionic transport of horseradish peroxidase was used to
trace the pattern of medullary terminations of the glossopharyngeal
and vagal complex in the channel catfish, Ictalurus punctatus.

The

glossopharyngeal root terminates centrally in the anterior end of the
vagal lobe except two fascicles which terminate in separate regions of
the nucleus intermedius of the facial lobe.

Vagal nerve branches

innervating regions of the oropharynx terminate in an overlapping,
segmental fashion throughout the ipsilateral vagal lobe and the
nucleus intermedius of the vagal lobe.

The descending branch of the

vagus, innervating the abdominal viscera, terminates in the general
visceral nucleus and in the nucleus intermedius of the vagal lobe,

In

addition, abdominal visceral fibers decussate through the commissural
nucleus of Cajal and terminate in the general visceral nucleus of the
contralateral side.

Efferents included in the oro-pharyngeal and

abdominal branches of the vagus also originate from two
morphologically separable populations of motor neurons.
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INTRODUCTION

Gustatory Information is transmitted to the brain of vertebrates
by three pairs of cranial nerves, the facialis (VII), the
glossopharyngeus
make up at

(IX) and the vagus (X).

In Ictalurid catfish these

leasttwo gustatory sub-systems (Finger and Morita,

'85).

Facial nerve branches, which innervate primarily the taste buds
located on the external body surface, together with their central
projections constitute the extra-oral gustatory system.

This system

has been implicated in the detection and localization of a food source
(Atema,

'71).

The glossopharyngeal and vagal nerve branches innervate

only those

taste buds located in the oro-pharyngeal region and thus

constitute

the oro-pharyngeal taste system, which is important for

selective food ingestion (Atema,
recordings from facial (Caprio,

'71).

Further, electrophysiological

'75, '78; Davenport and Caprio,

glossopharyngeal and vagal (Kanwal and Caprio,

'82),

'83) nerve branches

have shown that a few differences exist in the chemosensory inputs
from these two systems.
The glossopharyngeal-vagal (IX-X) complex has special
significance as it comprises the largest variety of functional fiber
types among the cranial nerves In vertebrates (Angevine and Cotman,
'81).

Nerve trunks belonging to this complex transmit

exteroceptive-visceral information from regions of the oropharynx
(sensing environmental stimuli) and interoceptive-visceral Information
from organs in the abdominal cavity (Dart,

12

*1922; Herrick,

*1922).

In

13

fish, the peripheral innervation of the glossopharyngeal nerve is
generally restricted to the anterior part of the oro-pharyngeal
region, whereas for the vagus nerve the field of innervation extends
from the pharynx to the visceral organs in the abdomen.

Different

nerve branches of the IX-X complex, thus, carry different proportions
of general and special (taste) visceral sensory and motor fibers.
In the catfish, the IX-X taste system may have reciprocal
interactions with the VII (extra-oral) taste system for the
co-ordination of food search and ingestion.

In order to elucidate the

neural substrate for the integration and coordination of
feeding-related behaviors it is essential to explore the pattern of
central projection of the primary sensory fibers belonging to the VII
as well as the IX-X cranial nerve complex.

The peripheral innervation

and central distribution of the V I I , IX and X cranial nerves in
catfish was described by Herrick ('01).

Although experimental

confirmation of the central projections of the VII nerve was provided
recently (Finger,

*76, 78; Morita et al., '80, '83), few reports

(Morita et al., '80; Morita and Finger,

'85) exist on the experimental

determination of central projections of the IX and X nerves in fish.
Electrophysiological recordings from the glossopharyngeal nerve
in the catfish (Kanwal and Caprio,

'83) confirms Herrick's (1901)

observation that this nerve innervates taste buds located on the gill
rakers of the first gill arch and in the anterior portion of the oral
cavity.

Gross anatomical dissection also revealed that prior to its

entry into the gill arch, the glossophyarngeal nerve gives off a small
branch which rejoins the main trunk after making a short loop and
possibly sending some fibers to the mucosa on the roof of the oral
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cavity (Fig. 1).
The vagal complex consists of several distinct nerve branches
with their ganglia grouped together and located outside the cranium,
adjacent to that of the glossopharyngeal nerve (Fig. 1).

The vagal

nerve trunks, peripheral to the ganglia, are segregated
antero-posteriorly into branches innervating the second, third and
fourth gill arches and the corresponding portion of the floor of the
oral cavity.

Separate branches also innervate other structures such

as the palatal organ in the oro-pharyngeal region.

A distinct,

posterior branch of the vagus nerve complex turns caudally to
innervate visceral organs such as the stomach, heart and liver.
The purpose of this study was to examine the central pattern of
projection of individual branches of the IX and X nerves,
characterized on the basis of their peripheral distribution, in the
channel catfish.
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Figure 1.

A diagrammatic saggital view of the peripheral pattern of

innervation of the glossopharyngeus (IX) and branchial branches and
interoceptive branch of the vagus (X) nerve in the oro-pharyngeal
region of the channel catfish.

GVN
glossopharyngeal

VN2-

■vagal nerve trunks
-IVN

MATERIALS AND METHODS

Juvenile channel catfish, Ictalurus punctatus, 20-25 cm in
length, were obtained from a local fish farm and maintained in 15
gallon aquaria under a 12:12 h light-dark cycle.

The fish were

anesthetized with tricaine methane sulfonate (MS-222) and clamped
horizontally in a fish holder prior to surgery.
M S -222 was perfused over the gills.

Water containing

The IX or X nerve branch was

dissected free of the surrounding tissue in the gill region,
transected and the central end sucked into a small section of PE-20 or
PE-90 tubing.

Horseradish peroxidase (HRP) crystals (Sigma Type VI)

were placed next to the cut end of the nerve in the tubing after all
fluid inside was withdrawn with a cotton wick.

The open end of the

tubing was sealed with Super Glue and the tube was glued to the
ventral surface of the cranium.

This prevented displacement of the

cut nerve from within the tubing-as well as dilution and diffusion of
the HRP by tissue fluids.

At the end of the operation vaseline was

applied to the region of the surgery, the wound sutured and the animal
returned to the tank.
The peripheral innervation of the labelled nerves was examined
from preserved specimens for purposes of nerve identification and
determination of the site of surgery and HRP application.

The

specific nerves labelled were: I) the entire glossopharyngeal nerve
peripheral to its ganglion, ii) the anterior-most branch of the vagus
nerve innervating the second branchial cleft (VN2), Iii) the

17

18

posterior-most branch of the vagus nerve innervating the viscera
(IVN), iv) vagal branches located in the middle of VN2 and IVN and
identified as VN3, VN4 and VN5, according to their antero-posterior
sequence of innervation.
Following a survival period of 3 to 6 days, each animal was
reanesthetized with an overdose of M S -222 and perfused transcardially
with heparinized freshwater teleost Ringer's and a cold solution of 4%
glutaraldehyde in 0.1 M phosphate buffer (pH -7.2).

After removal of

the fixed brain, the tissue was embedded in 20% gelatin or egg yolk
and fixed for an addition period of 4 to 6 hours in a cold solution of
4% buffered glutaraldehyde saturated with sucrose.

The tissue was

sectioned either transversly or horizontally at 35 vim on a freezing
microtome.

Sections were collected in 0.1 M phosphate buffer, reacted

with Hanker-Yates reagent (Bell et. al., '81) and mounted as two
alternating series onto chrome-alum-coated (subbed) slides.

The

perfusion, cutting, reacting and mounting were generally performed
within a period of 3 to 5 days. The mounted and dried sections were
stained with thionin, dehydrated, cleared in xylene and mounted with
Permount.

ABBREVIATIONS
BC
CB
cia
DC
dlf
dtV
FL
GL
GLN
GVN
hf
iaf
il
IVN
11
ml
mlf
nA
nC
nD
nFm
nFu
nGS
nIF
nIV
nR
nTm
nV
OT
RF
S
T
TeO
tSG(2G)
v
vf
VL
VMC
VN
VN2
VSC

brachium conjunctivum
cerebellum
interauricular commissure of Wallenberg
dorsal cap of the vagal lobe
dorso-lateral fascicle of the vagus
descending tract of the trigeminal nerve
facial lobe
gustatory lemniscus
glossopharyngeal nerve
primary general visceral nucleus
horizontal fascicle of the vagus
internal arcuate fibers
intermediate lobule of the facial lobe
interoceptive branch of the vagus
lateral lobule of the facial lobe
medial lobule of the facial lobe
medial longitudinal fasciculus
nucleus ambiguus
nucleus commissuralis of Cajal
nucleus diffusus
motor nucleus of the facial nerve
medial funicular nucleus
secondary gustatory nucleus
nucleus intermedius of the facial lobe
nucleus intermedius of the vagal lobe
raphe nuclei
trigeminal motor nucleus
vestibular nucleus
optic tract
reticular formation
spinal cord
telencephalon
optic tectum
secondary gustatory tract
ventricle
ventral fasciculus
vagal lobe
vagal motor column
vagal nerve
vagal nerve branch innervating second branchial cleft
vagal sensory column
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RESULTS,

Central organization of glossophyaryngeal afferents
Afferent fibers of the

glossopharyngeal nerve enter the

brainstem together with the vagal nerve complex.

After traversing

rostro-dorsally along the lateral aspect of the vagal lobe, the fibers
split into two rootlets, a dorsolateral fascicle and a horizontal
fascicle (Fig. 2).

The dorsolateral fascicle curves along the dorsal

surface of the vagal lobe, ventral to the dorsal cap, and terminates
heavily in the dorso-lateral portion of the vagal lobe, lateral to the
secondary gustatory tract.

The horizontal fascicle proceeds medially

coursing through the bundles of the secondary gustatory tract.

After

reaching the medial border of the vagal lobe these fibers diverge
dorsally and split into two components.

Afferents of one component

continue posteriorly for a few hundred micra before terminating along
the medial edge of the vagal lobe, in the region of the nucleus
intermedius (nIV) of Herrick ('05).

Other afferents turn anteriorly

and then extend laterally into the vagal lobe proper and intermingle
with the dorsal rootlet fibers before terminating.

Most of the

glossopharyngeal afferents terminate diffusely in the anterior portion
of the vagal lobe, where it constricts before merging with the facial
lobe.

In addition, a small root continues rostrally and eventually

splits into two fascicles, each fascile making a caudo- ventromedial
turn before terminating in small, separate areas in the nIF.

Both

terminal fields are located along the ventral border of the fourth
ventricle.

The most rostral branch turns ventrally, while the other
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Figure 2.

Central projection pattern of the glossopharyngeal nerve

root in the rostral part of the vagal lobe (sections C and D) and in
the region of the nucleus intermedius of the facial lobe (nIF)
(sections A and B ) .

Note that the glossopharyngeal fibers do not

terminate in the dorsal cap region (DC) of the vagal lobe.

Continuous

lines indicate path of the nerve roots and dashed lines indicate
regions of terminations.

Filled triangles indicate location of cell

bodies of glossopharyngeal efferents.
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turns dorsally prior to termination (Fig. 3a,b).

Central organization of vagal afferents. I. exteroceptive-branchial
roots
Vagal afferents can be grossly split into two parts: (i)
exteroceptive-branchial afferents, which innervate the gill arches and
posterior portions of the oral cavity and transmit sensory information
from the water flowing through the oro-pharyngeal region, and (ii) the
descending interoceptive-visceral branch.

The exteroceptive-branchial

roots exhibit a pattern of termination in the vagal lobe similar to
that described for the glossopharyngeal nerve (Fig. 4, sections A, B
and C ) .

Thin fibers ascend obliquely and course in a rostro-dorsal

direction towards the area of termination of the dorsal fibers of the
IX nerve.

The thicker fibers also ascend for a short distance, turn

medially over the spinal V tract and descend to the nIV near the
lateral wall of the fourth ventricle.

A small fascicle of the dorsal

rootlet of the anterior branch of the vagus nerve continues dorsally
over the lobe and terminates along the medial half of the dorsal cap
of the vagal lobe (Fig. 5a).

The dorsal cap is a dorsolateral nuclear

region which can be distinguished easily as a lamina separated from
the rest of the vagal lobe by a thin capsule of fiber fascicles.

The

most posterior branchial root terminates extensively throughout the
caudal two-thirds of the vagal lobe even though the root enters the
lobe at its most caudal region.

In addition, a small fascicle

continues for some distance in a rostro-dorsal direction and finally
terminates in the lateral half of the dorsal cap region (Fig. 5b).
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Figure 3.

(a) Photomicrograph of a section caudal to figure 2B

showing the medial projection and caudal terminal zone of HRP labelled
glossopharyngeal fibers in the region of the nucleus intermedius of
the facial lobe (nIF).

(b) Photomicrograph of a section caudal to

figure 2A showing HRP labelled fibers of the glossophyaryngeal nerves
coursing towards the region of the nIF in the facial lobe.

It is not

known if the nIF proper ascends up to this level in the brainstem.
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Figure 4.

Central projection pattern of the anterior-most vagal

branch VN2, (sections A to C) and the posterior-most interoceptive
branch, IVN, (sections D to F ) .

Continuous lines indicate path of the

nerve roots and dashed lines indicate regions of terminations.
triangles indicate location of cell bodies of vagal efferents.

Filled
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Figure 5.

Photomicrographs of terminations in the dorsal cap region

(DC) of the vagal lobe of the branchial branches VN3 (a) and VN5 (b)
of the vagus labelled with HRP.

The sections, taken from different

animals, represent approximately the same antero-posterior level in
the vagal lobe.

The lateral portion of the dorsal cap labelled in (b)

extends towards the caudal end of the vagal lobe.
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Central organization of vagal afferents. II. interoceptive-visceral
roots
The general visceral fibers innervating the viscera constitute a
unique pattern of central projection and termination.

This root of

the vagus contains only general visceral sensory fibers innervating
the visceral organs and is thus referred to as the
interoceptive-visceral branch in order to make a clear distinction
from the exteroceptive-branchial branches of the vagus which contain
special visceral (taste) as well as general visceral and somatic
(tactile, proprioceptive, etc.) fibers (Herrick,
Caprio, 83).

'01,

'06; Kanwal and

Unlike the branchial roots, this root does not split

into a dorsal and horizontal rootlet (Fig. 4 sections D, E and F ) .
Instead, the entire root terminates just caudal to its point of entry
in the general visceral nucleus (GVN) with a few fibers continuing
rostrally into the intermediate vagal nucleus.

The majority of fibers

terminate densely in the GVN as well as in the commissural nucleus of
Cajal.

A few fibers cross through the commissure as several fascicles

and continue in a rostro-dorsal direction before terminating in the
GVN of the contralateral side.

No terminations in the vagal lobe

proper of the ipsi- or contralateral side were observed for this vagal
root (Fig. 6).

The segmental pattern of projection of different vagal

roots and differences in the termination fields of the most anterior
and most posterior branches of the vagal roots are best seen in
photomicrographs of horizontal sections of the brainstem (Fig. 7a,b).

Central organization of glossopharyngeal and vagal efferents
All of the IX-X efferent roots originate from cell bodies located
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Figure 6.

HRP labelled fibers and terminations in the GVN (a) and

commissural nucleus of Cajal (b) of the interoceptive branch of the
vagus (IVN).

A few fiber fascicles decussate through the commissural

nucleus to terminate in the GVN of the contralateral side (b).
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Figure 7.

Photomicrographs of horizontal sections of the brainstem of

the catfish in which two vagal nerve branches, VN2 and IVN, were
simultaneously labelled with HRP.

Only terminations of VN2 are seen

in a section through the vagal lobe proper (a).

At levels ventral to

the vagal lobe (b), terminations of IVN in the GVN and portions of the
horizontal and dorsolateral fiber fascicles of VN2 are visible.
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in a continuous longitudinal column, bordering the fourth ventricle,
along the ventromedial portion of the medulla (Fig. 8). These motor
roots then travel caudo-laterally and join their respective afferent
roots before emerging from the cranium (Fig. 2, 4).

The IX-X motor

column is broadened dorso-ventrally towards the caudal end of the
vagal lobe and tapers to a ventral location before terminating in the
region of the obex.
Black,

As in Siluris (Berkelbach van der Sprenkel,

'15;

'17), this column is discontinuous with the facial motor

nucleus and terminates approximately 150 um before the appearance of
the

VII motor nucleus rostrally.

The cell bodies of glossopharyngeal

efferents are located only at the rostral extremity of the cell column
at the level of the caudal portion of the facial lobes (Fig. 8).
These cells are ovoid to conical in shape with the long axis directed
in a ventrolateral plane.

The axons of these neurons proceed caudally

along the ventromedial margin of the ventricles before turning
dorso-laterally.

These fibers travel through the nIF and loop around

the dorsal aspect of the spinal V tract before turning caudally to
exit the brain along with the afferent fibers (Fig. 2).

This rootlet

then makes a sharp caudal turn and joins the main glossopharyngeal
root.
The most anterior branch of the vagus, which innervates the
second gill arch, has its cell bodies located in the anterior portion
of the vagal lobe at the level of termination of the glossopharyngeal
afferents (Fig, 8).

The cell bodies are morphologically similar to

those of the glossopharyngeal efferents.
(Herrick,

'01; Morita and Finger,

As observed previously

'85) the dendrites of these cells

extend well into the lateral portion of the reticular formation and
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Figure 8.

Diagramatic scheme of the visceral sensory (VSN) and vagal

motor column (VMN) projected onto a saggital plane of the medulla
(facial and vagal lobes).

Arrows to the side-face of the sensory

column indicate the primary projection zone of the sensory fibers
while arrows to the front-face indicate the rostrocaudal extent of
fiber terminations for each nerve branch.

The location of cell bodies

(CB) of motor neurons and the region of exit of efferent fibers (F)
from the medulla are indicated separately for each nerve labelled.
Both columns (VMC and VSC) are represented on the same scale and axis.
Numbers along the midline indicate the caudal distance in mm from the
rostral end of the vagal lobe.

Motor neurons of the glossopharyngeal

nerve are located anterior to the vagal lobe.

The

interoceptive-visceral branch of the vagus (IVN) projects to the
general visceral nucleus located caudal to the vagal lobe.
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the axon originates from the base of the dendrites.

The next

branchial branch labelled (VN2), which innervates primarily the
palatal organ, is nearly devoid of efferents (Fig. 8).

Only one cell

body was observed and it was located rostral to the level of its
afferent terminations.

While the cell bodies of most branchial

branches appear to be arranged in a segmental fashion along the long
axis of the visceral motor column (Fig. 8), those of the most
posterior branch are distributed throughout the posterior two-thirds
of the motor column (Fig. 9a).

These cell bodies are more rounded and

arranged more loosely than the motor neurons with efferents in the
branchial braches of the vagus (Fig, 9b).

Also, dendrites belonging

to motor neurons of the IVN do not project laterally into the adjacent
reticular formation.

In contrast to a restriction of the cell bodies

of efferents of the branchial branches of the vagus (VN2, VN3 and VN4)
to the anterior part of the vagal motor nucleus, those of the IVN form
the caudal extremity of the IX-X visceral motor column (Fig. 8).

Figure 9.

Photomicrographs showing the location (a) and cell

morphology (b) of parasympathetic neurons of the interoceptive branch
of the vagus in the caudal region of the medulla.

The rostrally

extended distribution and circular shape of these neurons make them
distinct from the triangular, segmental arrangement of most other
motor neurons of the nucleus ambiguus whose efferent fibers project
peripherally in the branchial branches of the vagus.
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DISCUSSION

Several studies (Bardach et al., '67; Atema,
Teeter,

'71; Johnsen and

'80) have confirmed the role of gustation in the feeding

behavior of the catfish since Herrick first put forward his hypotheses
(Herrick,

*04, '05).

In keeping with Herrick's approach, the present

results are interpreted from a functional view point and delineate
further the neural substrate involved in feeding.

A comparison of our

results with other anatomical studies in fishes as well as land
vertebrates also provides an evolutionary perspective on the pattern
of central projections of the IX and X nerves.

The pattern of

projection of the IX-X complex in the brainstem of the channel
catfish, Ictalurus punctatus. generally conforms to Herrick's ('05)
description in the bullhead catfish, Ictalurus nebulosus.
labelling of fibers and cell bodies, however,

HRP

reveals some new and

important aspects of neural organization.
Phylogenetic Comparisons
Afferent and Efferent Roots of the Glossopharyngeus
The central organization of the visceral afferent and efferent
areas has been described in several groups of vertebrates.

Among

mammals, the glossopharyngeal visceral afferents in the cat (Torvik,
'56; Kerr,
Sullivan,

'62; Kalia and Mesulam,

'80), and the rat (Kalia and

'82; Hamilton and Norgren,

'84) terminate extensively in the

nucleus of the solitary tract and extend from the caudomedial border
of the terminal zone of chorda tympani afferents to the region of the
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obex.

In Ranid frogs, the termination zone of the glossopharyngeal

nerve is quite similar to that of mammals (Steusse et al., 84);
however, a small contralateral projection of the IX nerve via the
commissural nucleus exists in some mammals (Kalia and Mesulam,
Kalia and Sullivan,

'80;

'82), whereas in amphibians (Matesz and Szekely,

'78; Hanamori and Ishiko,

'83; Steusse et al.,

reported to he entirely ipsilateral.

'84) this projection is

Among teleostean species, the

brainstem region corresponding to the nucleus of the solitary tract is
highly variable in its morphology.

In general, this continuous column

can be divided morphologically into the facial, glossopharyngeal and
vagal lobes.

In the ictalurid catfishes the glossopharyngeal lobe is

reduced and may not be visible from the surface.
however, confirms earlier reports (Herrick,
83; Morita and Finger,

The present study,

’05; Morita et al.,

'80,

'85) of the presence of glossopharyngeal

terminations in the transition zone of the facial and vagal lobes.
The restricted antero-posterior location (rostral part of the vagal
lobe and caudomedial region in the facial lobe) of this zone is unlike
the caudal medullary location of-glossopharyngeal terminations in
mammals (Kalia and Mesulam,
Norgren,

'80; Kalia and Sullivan,

'84) and amphibians (Hanamori and Ishiko,

al., '84).

'83; Steusse et

Nevertheless, with respect to laterality,.the pattern is

like that observed in IL pipiens and
'84).

'83; Hamilton and

esculenta (Steusse et al.,

As in most vertebrate species studied, there is also some

overlap with the region of termination of vagal afferents (Fig. 8).
The general pattern of projection of the glossopharyngeal nerve
in the channel catfish is similar to previous descriptions in the
bullhead catfish (Herrick,

'01; Morita and Finger,

'85) and the carp

(Morita et al., '80).

An important additional observation included in

this study relates to the distinct rostral projections of the
glossophyarngeal root seen after labelling the nerve with HRP.

The

functional significance of these projections is discussed later.

It

.is interesting that a similar rostral course of the glossopharyngeal
root was recently reported for the Ranid frogs (Steusse et al., '84).
A detailed investigation of the glossopharyngeal nerve was not
performed in the single experimental study on a fish (Morita et al.,
80).

Moreover, previous reports are based on either staining or

degeneration techniques both of which are relatively insensitive and
less reliable than the HRP technique.

In any case, it is hard to

generalize on the basis of observations in one species because of the
great variability of neuronal organization among teleosts.
The location of the glossopharyngeal motor nucleus in ictalurid
catfish is quite similar to that of other vertebrates studied.

This

nucleus forms the rostral extremity of the ventromedial part of the
visceral motor column. The circuitous path taken by the motor root of
the IX is consistent with previous reports and is apparently a
characteristic feature of this nerve in all teleosts (Barnard,

'35).

Afferent and Efferent Roots of the Vagus
The present results Indicate that exteroceptive-branchial and
interoceptive-visceral vagal roots exhibit two distinct patterns of
projection.

The roots of all the exteroceptive-branchial branches of

the vagus contain general (tactile, proprioceptive, etc.) as well as
special (taste) visceral afferents (Herrick,

'01, 06).

These two

categories of fibers may separate centrally according to the observed
splitting of each root into a dorsolateral and ventral (horizontal)

m
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rootlet In Ictalurus (present study), Siluris (Sprenkel,
Carassius (Morita et al,,

'80).

'15) and

In spite of this separation, both

rootlets eventually enter the vagal lobe proper and terminate over
partially overlapping domains within the lobe.

The apparent absence

of bimodal (taste and tactile) units in the vagal lobe (Kanwal and
Caprio, 84), however, indicates that these two fiber types do not
converge onto the same intrinsic neurons.
The central projection pattern of the most posterior or
interoceptive-visceral branch of the vagus provides additional support
for considering this branch as being distinct from the branchial
branches of the vagus.

Interoceptive-visceral afferents do not enter

the vagal lobe at all (Fig. 4A, 4B, 7A), but project solely to the
ipsilateral general visceral nucleus with some fibers crossing over to
the contralateral side via the commissural nucleus of Cajal.

The only

region common to the termination field of these two sets of vagal
roots is the most caudal portion of the nucleus interraedius of the
vagal lobe (nlV), which is contiguous with the rostral end of the
general visceral nucleus.

The bilateral projection pattern of

interoceptive-visceral afferents has been consistently observed in all
species of vertebrates investigated (Kalia and Mesulam,
Sullivan,

'82; Hamilton and Norgren,

'80; Kalia and

'84; Steusse et al., '84).

However, the separation of exteroceptive-branchial fibers from the
interoceptive-visceral fibers is difficult in most other vertebrates
excluding teleosts.

Changes in the fasciculation and branching

pattern of the vagal nerve trunk associated with changes in the
anatomy of the oro-pharyngeal region during evolution confounds this
distinction in the rapidly evolving vertebrate lines.

Previous

studies on Ictalurus nebulosus (Herrick,
glanis (Sprenkel,

'01,

'05, '06) and Siluris

'15) also report the presence of a general cutaneous

component (somatic afferents) in the vagal roots, which after
separating centrally, descends and terminates within the spinal V
nucleus. No such fibers were evident in the channel catfish although
they may be present in the few caudal branchial branches not labeled
in the present study.
Gross morphological evidence suggests that the posterior lateral
line nerve in fish, traditionally regarded as a branch of the vagus,
is a separate, phylogenetically primitive cranial nerve which has
disappeared with the advent of land vertebrates (Finger,

'83).

This

suggestion is supported by the uniqueness of its embryogenesis,
peripheral innervation, central projections and the nature of sensory
information transmitted centrally.

For similar reasons, it may be

appropriate to regard the exteroceptive-branchial branches as forming
a separate cranial nerve trunk, distinct from the
interoceptive-visceral branch of the vagus.

Such a clear separation

is not evident in the mammalian system because of the intermixing of
pharyngeal, laryngeal and visceral branches of the vagus In the course
of their peripheral and central paths.

Previous studies have failed,

therefore, to delineate a functional organization in the nucleus
tractus solitarius (NTS) of mammals because of an apparent
intermingling of special (taste) and general visceral fibers in the
course of their terminations in this compact nucleus (Torvik,
Kalia and Mesulam,

*80; Kalia and Sullivan,

'82),

'56;

Nevertheless, the

single detailed study in the rat showed a minimal overlap between
terminals of the gustatory nerves and those of the cervical branch of
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the vagus in the NTS (Hamilton and Norgren,

'83).

The visceral motor column has been of considerable interest
classically as a model for the study of neurobiotaxis (Black,

'17) as

well as recently with respect to the relationship of cellular topology
and architectonics with region and organ-specific representation in
mammals (Lawn, '66) and birds (Katz and Karten,

'83, '85).

Although

similar contemporary studies in fishes are lacking, the present
results do indicate a clear difference between the motor neuron
distribution in the root of the most caudal branchial branch and the
interoceptive-visceral branch of the vagus.

The branchial motor

neurons of the most caudal root are distributed throughout the nucleus
ambiguus, rostral to its entry into the vagal lobe, whereas the
interoceptive-visceral neurons are restricted to a compact region at
the caudal end of the visceral motor column.
populations of vagal motor neurons,

In amniotes, two

the dorsal motor nucleus and the

nucleus ambiguus, are consistently observed (Brodal,'83).

In

amphibia, the main portion of the vagal motor nucleus has been
homologized with the nucleus ambiguus of mammals (Matesz and Szekely,
'78).

In fish, this distinction is not sufficiently clear.

However,

the differing patterns of distribution of efferents in the various
roots may be evidence for the origin of the two motor, nuclei from a
single phylogenetically primitive nucleus containing an intermingled
population of two categories of neurons.

The absence of direct

terminations of primary afferents onto vagal motor neurons is
consistent with previous observations in catfish (Herrick,
Barnard,

'35).

'06;
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Neuroethological Interpretations
The catfish is able to search for and localize a food source
primarily by means of its gustatory sense (Bardach et al.,
'71; Johnsen and Teeter,

'80).

'67; Atema,

This specialized ability for

monitoring the chemical stimuli in Its environment is correlated with
the relative enlargement of the facial lobe (Herrick,
'71).

'05; 06; Atema,

Once the food is pursued and captured, further assortment,

manipulation or selection Is generally unimportant and uneconomical
for an active predator such as the channel catfish.

This is reflected

in the structure of the central nervous system by the small size of
the vagal lobe relative to the facial lobe while the glossopharyngeal
lobe is morphologically inconspicuous.

In contrast, in the goldfish

which selects food from non-food after biting, the glossopharyngeal
lobe Is conspicuous and the vagal lobe is a large, highly derived
structure.
As described by Herrick ('05, '06), the glossopharyngeal and
vagal lobes do not show any kind of lobular or laminar organization
seen in the facial lobe of the catfish or the vagal lobe of the
goldfish, respectively.

Lack of such a distinctive organization, in

the context of information theory (Campbell,

'82), indicates that the

entropy of the system is high and feature extraction from the spatial
domain is probably not a prominent feature of neural processing in the
vagal lobe of the catfish (Kanwal and Caprio, chapter 2).

Lack of

manipulation of food in the oral cavity during feeding may be taken as
support of this hypothesis.

However, electrophysiological mapping of

receptive fields of individual intrinsic neurons of the vagal lobe can
provide important information to test this hypothesis.
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Although, the glossopharyngeal lobe is morphologically indistinct
the IX roots project diffusely within the transition zone between the
facial and vagal lobes.

Unlike the goldfish (Morita and Finger,

*85)

and the carp (Morita et al., '80), the pattern of termination of the
glossopharyngeal roots in the catfish is similar to that of the
branchial nerve trunks of the vagus.

The glossopharyngeal nerve and

branchial branches of the vagus nerve run in a parallel fashion
peripherally and innervate sequential segments of the oro-pharyngeal
region (Fig. 1).

Electrophysiological recordings from the peripheral

nerve trunks of the IX-X complex indicate that these nerve branches
transmit similar type of information from specific portions of the
oro-pharyngeal epithelium (Kanwal and Gaprio,

'83).

The similar

pattern of projection may further indicate that the chemosensory
information is also processed in a similar manner.
One significant deviation from this pattern is two specific
connections made by a few fibers of the IX nerve root with cells in
the medial portion of the facial lobe.

The caudal one of these two

projections possibly functions in the formation of a reflex circuit as
these afferents terminate near the motor neurons which course through
the glossopharyngeal nerve.

The motor nucleus of the IX nerve is

located anterior to the main zone of its afferent termination as
described in the salmon (Barnard,

'35).

Such a connectivity was also

observed for the anterior branch of the vagus nerve in the trout
(Barnard,

'35), where the efferent vagal nucleus is situated

ventro-medially within the-zone of glossopharyngeal afferent
terminations.
The most rostral afferent projection of the IX nerve is also of

special interest from a neuroethological perspective, because it may
constitute the neural substrate for mixing information in the central
nervous system.

Gustatory information from the oral taste buds

converges onto neurons in the region of the nucleus intermedius of the
facial lobe (nlF) which also receives input from extra-oral taste buds
via the facial afferents.

Electrophysiological mapping of the facial

lobe previously showed that neurons in this region have large tactile
receptive fields which extend from the oral to the extra-oral surface
(Marui and Caprio,

'82).

Some of these neurons are bimodal in

character and respond to oral chemical as well as tactile stimulation
(personal observation).
center (Herrick, '06).

Herrick regarded the nlF as a correlation
The present results indicate that a portion of

nlF may integrate extra-oral gustatory information relating to food
search and the consequent oral stimulation leading to food ingestion
or rejection (Table 1).
The dorsal cap, also identified previously in the bullhead
catfish (Finger, '81), is another specific region of the vagal lobe
whose function has not been described adequately.

The present results -

indicate that the dorsal cap may relate information from the anterior
and posterior portions of the oro-pharynx.

Intrinsic neurons in this

region may therefore, have relatively large or dual receptive fields.
Also, - small HRP injections restricted to the dorsal cap region may
reveal a difference in its neuronal connectivity as compared to the
other parts of the vagal lobe.
Finally, the descending branch of the vagus or the
interoceptive-visceral branch is non-gustatory in function and
anatomically distinct from the exteroceptive-branchial branches of the
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TABLE 1.

CORRELATION OF VISCERAL INFORMATION IN THE CATFISH BRAINSTEM

BRAINSTEM REGIONS

CONVERGING VISCERAL INPUTS

nucleus intermedius of the FL (nlF)

extra-oral and oral
gusto-visceral inputs

Dorsal cap nucleus

spatially segregated
oro-pharyngeal visceral inputs

nucleus intermedius of the VL (nIV)

oropharyngeal and abdominal
visceral inputs

vagus (Fig. 1, 4).

The information provided by this branch is not

directly involved in feeding and is apparently processed differently
as it does not converge onto the secondary gustatory neurons.
Instead, it terminates in the general visceral nucleus (GVN) of the
ipsi- and contra-lateral side as well as in the commissural nucleus of
Cajal.

Anatomically, the GVN is adjacent to the caudal end of the

nucleus intermedius of the vagal lobe (nIV) and has a terminal field
extending into this nucleus.

The nIV also receives fibers from

branchial branches of the vagus and may thus constitute another
correlation center (Herrick,

'05; Kanwal and Caprio,

'84) which

integrates gustatory input determining feeding with
interoceptive-visceral input relating to the physiological state of
the animal.
Oro-pharyngeal sensory Input in mammals is also known to evoke a
variety of vagal-dependent physiological (Kuwahara,

'83) and hormonal

(Brand et al., '76) responses including some relating to inititiation
of food Ingestion.

Regulation of short term (Gonzalez and Deutsch,

'81; Lorenz

and Goldman,

'82; Alino et al.,

'83) and long term (Sharma

and Nasset,

'62; Ch.inna and Bajaj , '72; Liand Anderson,

'84) food

ingestion is further accomplished by the central influence of the
interoceptive-visceral sensory input via the descending branches of
the vagus.

Some of these functions may be modulated by central

connections

of neurons in the nIV.

CONCLUSIONS

The present results, in general, confirm the previous
observations relating to the pattern of projection of IX-X nerve roots
in the brainstem of fishes.

The new findings suggest several

interesting aspects of neural organization and information processing
in the teleostean brainstem.

The nucleus intermedius of the facial

lobe (nlF), the dorsal cap of the vagal lobe and the nucleus
intermedius of the vagal lobe (nIV) all seem to be sites for visceral
interactions related to feeding.

The exteroceptive-branchial nerve

branches remain distinct, peripherally and centrally, from the
interoceptive-visceral branch of the vagus.

Thus, the brainstem of

ictalurid catfish is a good model to investigate the principles of
functional organization in the brainstem of vertebrates.

The present

study provides important anatomical clues to the differential
processing of visceral information in this neural structure for
regulation of food search and ingestion.
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ABSTRACT
Microelectrode mapping experiments indicate an ipsilateral
representation of the orophyarynx and a well-defined, bilateral input
from the proximal portion and snout region in the vagal lobe of the
channel catfish.

The map of the oro-pharyngeal epithelium is

distorted so that the gill arches are rotated through an angle of 90
degrees along the transverse plane and the dorsally mapped region of
the gill rakers is tilted posteriorly in the sagittal plane of the
vagal lobe.

Recording site activation fails to provide definitive

boundaries of adjacently mapped domains of oro-pharyngeal structures.
Gustatory receptive fields of neurons in the vagal lobe correspond to
their location on the topological map obtained by tactile stimulation
of the oro-pharyngeal epithelium.

A few single unit recordings

indicate restricted receptive fields and complex taste response
characteristics of gustatory neurons in the vagal lobe of the catfish.
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INTRODUCTION

Anatomical and physiological maps are an important feature of
neural organization in vertebrates.

Sensory maps may provide clues to

the functional significance of a particular sensory modality.
Alternatively, if the behavioral role of a sensory modality is known,
maps may indicate the manner in which that sensory information is
processed in the central nervous system (Konishi and Knudsen 1982).
Thus, disproportionate representation of certain structures in the
mapped area may be indicative of their relative functional importance.
Similarly, multiple representations of some structures may suggest
parallel processing of sensory inputs from those structures as is
evident In the mammalian cortex (Shepherd 1979).
Somatotopic as well as tonotopic and retinotopic maps have been
reported in several mammalian (Penfield and Rasmussen 1950, Kaas et
al. 1979, Harris et al. 1980, Palmer and King 1982, Middlebrooks and
Knudsen 1983) and avian (Knudsen 1982, Knudsen and Knudsen 1982)
species.

In addition to simple projectional maps, computational maps

of visual and auditory space, based on integration of binocular and
binaural sensory inputs, respectively, exist for spatial localization
of important environmental cues (Konishi and Knudsen 1982).

In spite

of these studies in vision, audition and somatosensation, studies on
topographic mapping of gustatory inputs are limited to a single
mammalian (Hamilton and Norgren 1984, Travers et al. 1986) and a few
teleostean species (Finger 1976, Marui 1977, Marui and Caprio 1982,

Morita and Finger 1985).
The gustatory sense of ictalurid catfishes can be conveniently
divided into two sub-systems, the facial (VII) system and the
glossopharyngeal-vagal (IX-X) system (Atema 1971).

The facial taste

system consists of extra-oral taste buds innervated by cranial nerve
VII (facial) and is important for the localization of a food source in
the environment (Atema 1971, Johnsen and Teeter, 1981).

Recent

electrophysiological evidence (Marui and Caprio, 1982) supports the
existence of a functional, medullary sensory map coincident with an
anatomical representation (Finger 1976) of the gustatory surface in
the anterior portion of the visceral sensory column (facial lobe) in
ictalurid catfishes.

However, the facial (extra-oral) taste system

and the facial lobe (FL) of the catfish are evolutionary, adaptive
specializations (Herrick 1901, 1905, 1906).

In contrast, the vagal

lobe (VL), located in the caudal portion of the visceral sensory
column, receives gustatory input from the IX-X innervated taste buds
of the oro-pharyngeal epithelium and is critical for Ingestion of food
placed in the mouth (Atema 1971) ■. This system is not critical for
either the spatial localization of a food source or its acquisition
from the environment (Atema 1971).

In this regard, the IX-X (oral)

taste system of ictalurid catfish is similar to the gustatory system
of most land vertebrates.

Hence, it is of interest, from the

standpoint of neuroethology as well as comparative neurology to
Investigate the possibility of topographic mapping of gustatory input
via the IX-X nerves in an ictalurid species.

A recent neuroanatomical

study indicated an overlapping, segmental pattern of projection of
these nerves onto the VL of Ictalurus punctatus, but did not permit
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reconstruction of the configuration of the oro-pharyngeal epithelium
(Kanwal and Caprio , chapter 1).
The present study was initiated to determine if topological
sensory maps exist in the VL of the channel catfish, Ictalurus
punctatus,

Multiunit electrophysiological recordings were obtained in

a systematic fashion while stimulating the oro-pharyngeal epithelium
with taste and tactile stimuli.

In a few cases, single unit data also

were obtained to identify the electrophysiological characteristics and
response patterns of neurons in the VL.

MATERIALS AND METHODS

Twenty channel catfish, weighing 200-300 g, were used for this
study.

They were immobilized with an intraperitoneal injection of

Flaxedil (gallamine triethiodide, 0.5 mg/kg) and fixed horizontally in
a metal and plexiglass holder by means of orbital clamps.
Supplemental doses of Flaxedil were administered if required.
Perfusion of well water over the gills was accomplished by means of a
forked teflon tubing which was placed under the operculi using a
posterior approach.

This helped to restrict the flow of well water to

the gill filaments leaving most of the oral cavity free for chemical
and mechanical stimulation.

The mouth of the catfish was kept open by

a small, stiff metal bit placed between the jaws.

The supra-occipital

bone was removed and the FL and a portion of the VLs were exposed by
carefully withdrawing the cerebrospinal fluid and mesenchymal tissue.
Complete exposure of the VLs w a s •accomplished by cauterizing the
anastomosing blood vessels of the large blood sinus over these lobes.
Electrical activity of VL neurons was recorded extracellulary by
glass microelectrodes filled with either 3M NaCl or 3M KC1 solution
(tip diameter, approximately 1 urn; impedence, approx. 1 Mohm) and
inserted into the VL with a hydraulic micro-manipulator.

Prior to

electrode insertion, the micromanipulator was adjusted so that the
microelectrode was parallel to a weighted thread suspended freely from
the roof of the Faraday cage.

The zero co-ordinate was recorded by

positioning'the electrode at the posterior edge of the FL and along
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the medial edge

of the VL adjacent to the fourth

ventricle.

Insertions were

then made at intervals of 0.5 mm

posterior and lateral

to this coordinate.

The electrical activity was amplified, displayed

on an oscilloscope, monitered aurally and stored on magnetic tape.
After insertion at specified coordinates, the electrode was lowered
slowly into the VL and its downward movement was stopped randomly or
when a few distinct units
activity.

Each

emerged above the level of background

region of the oropharynx as well

as portions of the

extra-oral surface were stimulated sequentially, using mechanical
and/or chemical stimuli.

Stimulated regions which produced a distinct

change in the level of neural activity were listed for each recording
position.

This information was used to plot a map of the various

oro-phayryngeal regions onto schematic cross-sectional planes through
the VL of the catfish.
Gustatory stimulating methods were similar to those described
previously (Kanwal and Caprio 1983).

Each of the stimulus solutions

(0.8 ml) was injected Into a constant flow of well water, approx. 15
ml/rain, bathing the receptive fields and were diluted to at least 40%
of their applied concentrations as determined by photodensitometry of
dye solutions.

To avoid possible cross-contamination, the stimulus

port and delivery tube were rinsed with well-water during the
interstimulus intervals (at least 2 minutes).

Individually applied

chemical stimuli included several amino acids (L-alanine, L-arginine
hydrochloride, L-proline, L-cysteine, L-histidine hydrochloride,
L-serine and glycine) and quinine hydrochloride, dissolved in charcoal
filtered well water.

A mixture of amino acids (L-alanine, L-arginine

and L-proline), which Interact with relatively independent receptor

sites (Davenport and Caprio 1982, Kanwal and Caprio 1983) was used to
search for chemosensitive units.

Mechanical stimulation of the

receptive areas was accomplished either by gentle stroking with a
small brush or glass probe, or by moving the fine water-jet, emitted
by a tapered glass tubing, over the epithelial surface.

RESULTS

General Neuronal Characteristics
The VLs of the channel catfish are relatively small paired
structures located caudally of the large FLs.

All units with oral

receptive fields responded only to ipsilateral stimulation with an
increase or decrease in their rate of background activity.

A majority

(76%, n-35) of the neurons in this region of the visceral sensory
column responded to mechanical stimulation (Fig. 1).

In addition four

neurons were proprioceptive, which were excited by movement of the
gill arches or by punctate stimulation at the joint of the gill arch
and the ventral floor of the oral cavity (Fig. 1).

Discontinuously

distributed populations of neurons (15%, n-7) also responded to
chemical stimuli (amino acids and/or quinine hydrochloride) (Fig. 2).
However, of the 46 units analyzed from 5 animals, none were
multimodal.
Spontaneous activity among different neurons was quite variable.
Neurons with a tonic pattern of spontaneous activity generally
responded to proprioceptive stimuli, such as movement of gill arches.
A transient decrease in the rate of water flow over the floor of the
oral cavity (hence, removal of continuous mechanical stimulation of
some oral regions) generally resulted in an increase in the level of
spontaneous activity; distinct units with no spontaneous activity were
also excited.

Chemosensitive units had low rates (1.7 +0.9 (3.E.)

impulses/s, n-7) of spontaneous activity while mechanosensitive units
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Figure 1.

Neural responses from several sites in the vagal lobe.

Gentle stroking of the oral epithelium produced either an inhibitory
or an excitatory response of the mechanosensory units.

Numbers

indicate electrode insertion points on the vagal lobe and a similar
number and letter indicates same recording site (position and depth of
electrode).
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had a large variance and higher mean rate (3.9 +4.0 impulses/s, n=28)
of spontaneous discharge; some (20%, n-7) of the mechanosensitive
units showed no spontaneous activity.

In addition, some units

exhibited rhythmic patterns of discharge (Fig. 1, unit 12A) which were
observed to be synchronous with the respiratory pattern.
Gustatory Neurons
Taste units were generally obtained from a depth of 0.4 mm to 1.2
mm below the surface of the lobe.

All chemosensory responses obtained

from VL neurons were phasic in nature and were either excitatory or
inhibitory, the latter causing either lowering of the rate of
spontaneous activity or disruption of the rhythmic pattern of neural
discharge (Fig. 2).

Of the chemicals tested, L-arginine, L-alanine,

L-proline and quinine hydrochloride were the only ones that were
distinctly stimulatory to the secondary taste neurons in the VL.
However, unlike the peripheral recordings (Kanwal and Caprio 1985),
responses were obtained only to relatively high concentrations (>
_3
10

M) of the applied stimulus.

Discriminatory responses were

invariably obtained from chemosensitive neurons; the same neuron could
be excited by some chemicals and inhibited by others (Fig. 2, unit
7A).

No distinct dose-response relationship could be established in

either the multiunit responses or for the 11 chemosensory units
analyzed.

As observed in the FL (Marui and Caprio 1983), neurons

responsive to chemical stimuli were less stable than mechanosensitive
neurons for recording single unit activity.
Multiunit Receptive Field Maps
The taste or tactile receptive fields of individual neurons in
the VL were generally restricted to small portions (e.g. a few square

Figure 2.

Chemosensory units generally exhibited high thresholds
_3

(applied concentrations >10

).

injection into the flow system.

Arrows indicate time of stimulus
The responses were generally obtained

after a delay of approximately 4 seconds from the time of stimulus
injection.

Numbers indicate electrode insertion points on the vagal

lobe and a similar number and letter indicates same recording site
(position and depth of electrode).
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mm at the base of the fourth gill arch) of the oral epithelium.
Multiunit tactile responses were obtained from most regions of the
vagal lobe, while chemical and proprioceptive responsivity was
restricted to a few locations along the electrode tracts (Fig. 3D).
Neurons in a small region, at a depth of 0.8 to 1.0 mm in the rostral
portion of the VL, also responded to mechanical stimulation of an
extra-oral surface ie. the proximal portion of the ipsilateral and/or
contralateral maxillary barbel and the snout region (Fig. 3E,).
Neurons located in the reticular formation, ventral to the VL (depth >
1.5 mm), had large receptive fields extending to the oral epithelium
of the contralateral side as well as extra-orally.
On the basis of multiunit electrophysiological recordings,
different oro-pharyngeal structures map onto overlapping domains in
the VL (Fig. 3E).

Several loci in the VL were responsive to

stimulation of more than one region in the oropharynx.

For example,

portions of the anterior gill arches and tongue region project onto
the same locus in the VL.

Similarly, the mapped domains of posterior

gill arches, the palatal organ and esophageal pharynx overlap at
several loci.

The posterior gill arches (3-5), however, do not map

onto the anterior part of the VL (Fig. 3E, plane a), while the
anterior gill arches (1-2) do not map onto the posterior part of the
VL (Fig. 3E, sections d and e).

A distinct separation along the

anterior-posterior axis is also observed for areas onto which the
lower lip and esophageal pharynx are mapped.

This antero-posterior

separation, in contrast to overlapping representations of structures
in some parts of the VL, suggests a pattern of projection of gill
arches so that the boundaries of adjacent gill arches blend along
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Figure 3.

Localization of taste, tactile and proprioceptive neurons

in the vagal lobe of the channel catfish.
catfish brain,

A. dorsal view of the

B. Schematic representation of the external gustatory

(chemosensory and tactile) surface onto the dorsal aspect of the right
facial lobe (FL) (Marui and Caprio, 1982).

C. Dorsal view of the

right vagal lobe (VL) with a grid indicating the 17 electrode
insertion points used for the topographic mapping of the
oro-pharyngeal region. D. transerve sections of the right vagal lobe
from levels fa r to 'e' indicated in figure C. These sections are at
intervals of 0.5 mm.

E. locations in the vagal lobe from which

chemoreceptive or tactile responses were obtained by stimulation of
the respective oro-pharyngeal regions.

Abbreviations: Cb,

cerebellum; L, lateral; LL, lateral-line lobe; L VII, facial lobe; L
X, vagal lobe; M, medial; nF, funicular nucleus; TEL, telencephalon;
TO, optic tectum; R, rostral; S, spinal cord.
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transverse zones in the VL (Fig. 4A).

Neurons on the dorsal surface

of the VL responded to stimulation of gill rakers along the middle of
the gill arch, while neurons located deeply responded to stimulation
of the palatal end as well as the base of the gill arch, suggesting a
rotation of the mapped gill arches through an angle of approximately
90 degrees along the transverse plane.

Also, neuronal responses to

stimulation of the middle of gill arches were obtained from more
posterior parts of the surface of the VL than the palatal and basal
ends of the gill arches.

In this map of rotated, sagittaly tilted and

sequentially arrange.d gill arches, other structures as well may be
hypothetically represented according to the differing receptive fields
of neuronal groups along the antero-posterior axis of the VL (Fig.
4B) .

Figure 4. A. Schematic representation of the gill arches onto a
three-dimensional view of the vagal lobe to show the diffuse nature of
the map which results because of an overlap or blending of
neighbouring gill arch domains.

A similar overlap also occurs between

the projected domains of other structures of the oropharynx.
palatal organ.

P,

B. Highly diagramatic representation of the oropharynx

and a portion of the extra-oral surface projected onto the vagal lobe
of the catfish.

The shape of various oro-pharyngeal structures is

more sharply defined than actually observed.
M, medial.

L, lateral; R, rostral;

Numbers indicate electrode insertion position along the

lateral edge of the vagal lobe
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DISCUSSION
Cellular Characteristics
Modality Specificity
The vagal lobe (VL) of the channel catfish is the primary center
which receives chemosensory and mechanosensory input from the
oro-pharyngeal region via the glossopharyngeus and branchial branches
of the vagus.

It was shown previously that the glossopharyngeal and

vagal fibers transmit chemoreceptive, mechanoreceptive and
proprioceptive information from the oro-pharyngeal region (Kanwal and
Caprio 1983).

Preliminary evidence suggests that in the majority of

peripheral fibers each of these sensory modalities is transmitted via
separate fibers.

Neuroanatomical studies also indicate that in the

CNS these afferents are intermingled and intertwined with dendrites of
the intrinsic neurons in the VL prior to termination (Herrick 1906).
In spite of the close proximity of special (taste) and general
(tactile, proprioceptive etc.) visceral afferents in the VL of the
catfish, none of the 46 units analysed were responsive to multimodal
stimulation, suggesting the absence of a significant convergence of
these two types of afferents onto the same secondary neuron.

The

presence of a large number of medullary mechanosensitive neurons is in
accordance with the large number of tactile fibers in the
glossopharyngeus and branchial branches of the vagus (Kanwal and
Caprio,

'83).

Multimodal (taste and tactile) neurons were, however,

observed in the FL of L

punctatus (Marui and Caprio 1982), which may

be a result of the medullary convergence of facial and trigeminal
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fibers (Marui and Funakoshi 1979).

A distinct trigeminal input to the

V L is lacking (Herrick 1905, 1906).
Chemoreceptive Neurons
Peripheral (VII, IX and X) electrophysiological recordings
indicate only excitatory responses of gustatory fibers to amino acids
and quinine hydrochloride (Caprio 1975, 1978, Caprio 1977, Davenport
and Caprio 1982, Kanwal and Caprio 1983).

Also, with respect to

chemospecificity, only a few fiber types (alanine-, arginine-,
proline- and quinine-best) are known to exist (Caprio 1982, Davenport
and Caprio 1982, Kanwal and Caprio 1983).

However, the ability of

some neurons to respond with either excitation or inhibition depending
upon the stimulus quality Is evidence for the neuronal interaction of
specific taste afferents In the VL.

This may explain the observed

(fig 2, unit 7A) excitation of a secondary neuron by some chemicals
(eg. arginine) and inhibition by the others (eg. alanine and quinine).
An increase in the estimated electrophysiological threshold, an
apparent lack of exponential dose-responsive curves, stimulus
dependent response characteristics (eg. excitation or inhibition) of
neurons and lack of the chemospecificity observed peripherally, all
provide preliminary evidence for a transformation in the VL of the
electrophysiological nature of the peripheral chemosensory
information.

However, further studies are required to determine the

exact nature and functional significance of neural processing in this
part of the catfish brainstem.
Receptive Field Maps
The glossopharyngeal and branchial-vagal nerve branches project
onto the visceral sensory column in an overlapping, unaltered
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antero-posterior sequence (Kanwal and Caprio 1984).

The present

electrophysiological data are consistent with this anatomical pattern
of projection.

Thus, the lower lip and tongue region are mapped onto

the rostral portion of the VL, whereas the esophagus is mapped only
onto the most caudal regions of the lobe.

The size of the various

oral structures is, however, transformed according to the density of
taste and tactile receptors associated with each and probably reflects
their relative importance in feeding.

The mapped domain of the

palatal organ, with a dense distribution of taste buds (Atema 1971)
and pharyngeal teeth, is disproportionately enlarged whereas the gill
arches, restricted to smaller domains, are mainly.represented by
inputs from the gill rakers which are covered by numerous taste buds
(Kanwal 1982).

The lack of any bilateral representation is in

accordance with Herrick's observation of neurites of the lateral
secondary neurons, which cross through the ventral commissure to
terminate only near the motor neurons of the opposite side (Herrick
1906, Morita and Finger 1984).

The origin of the bilateral extra-oral

input is not clear; the orientation of the proximal end of the
maxillary barbel in the VL conforms to its representation in the FL
and indicates the possibility of a continuation of primary facial
afferents into the VL.

Neuroanatomical results (personal observation,

Morita and Finger 1984) also suggest the presence of secondary fibers
coursing directly from the FL into the VL.

Organizational Characteristics
Topology
It is useful to consider topological maps in the framework of the
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basic principles of topological transformations (Bell 1951), so as to
enable comparison of maps of different sensory modalities in different
species (Kuhlenbeck 1973).

Such comparisons may eventually elucidate

the similarities and significance of neurological maps.

The tactile

map of the oropharynx is uniform, continuous and homeomorphic, showing
a unique correspondence between actual and mapped structures (e.g.
gill arches and palatal organ).

Structures in the oral cavity, such

as gill arches are mapped onto overlapping domains or neighborhoods in
the VL (fig. 4).

A map of overlapping or blending neighborhoods is a

diffuse map in contrast to a sharply-defined map, where the
neighborhoods have non-overlapping boundaries as observed in the FLs
of the carp (Marui and Funakoshi 1979), ictalurid catfishes (Finger
1976, Marui and Caprio 1982) and Flotosus anguillaris (Marui et al.
1985).
In many respects, the tactile map in the VL is like the
topological map of retinal halves upon the lateral geniculate body and
striate cortex in mammals (Sperry 1952).

Although these visual and

tactile maps are grossly distorted and partially folded, the neural
transforms projected centrally retain some of their significant
topological configurational properties.

An example of topological

invariance of the tactile map is the conservation of the number of
gill arches in the oro-pharyngeal region in the goldfish,

auratus

(Morita and Finger 1985), and the channel catfish (present study).
Modality Overlap
As in the FL of the carp (Marui and Funakoshi 1979) and catfish
(Biedenbach 1973, Marui and Caprio 1982), the VLs have overlapping
maps of taste and tactile inputs from the oral epithelium.

Thus,

taste inputs arising from segregated regions of the oral cavity are
localized to discrete portions in the VL coincident with the tactile
input from the same region of the oropharynx.

The overlap of taste

and tactile maps is interesting from a neuroethological perspective.
In contrast to facially transmitted extra-oral information, both taste
and tactile sensory inputs from specific regions of the oral
epithelium, are involved in the selective food ingestion by the
catfish and may be processed simultaneously before activation of motor
neurons.

In this regard, It is interesting to note that an overlap of

different sensory modalities (vision and audition) also occurs in the
optic tectum of birds (Knudsen 1982, Knudsen and Knudsen 1982) and the
superior colliculus of mammals (Harris et al. 1980, Palmer and King
1982, Middlebrooks and Knudsen 1983), which use both types of sensory
information for effective localization of the food source in their
environment.

In pit vipers, overlap of two sensory inputs (visual and

infra-red) also leads to behaviorally relevant cross-modality
interaction in bimodal neurons in the tectum (Newman and Hartline,
1981).
Functional Correlations
The VL in the catfish lacks a distinctive organization and a
sharp delimitation of certain anatomical zones, such as that seen in
the VL of the goldfish (Finger 1981, Horita 1983, Morita and Finger
1985) or in the FLs of ictalurid catfish (Herrick 1906, Beidenbach
1973, Finger 1976, 1978).

Also, the IX-X nerves project onto

antero-posteriorly overlapping segments of the VL, so that there is no
clear functional or structural subdivision of the lobe on the basis of
topological inputs, except for the demarcation of a thin lamina on the
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dorsal surface known as the dorsal cap (see Kanwal and Caprio,
previous section).

However, the rostrocaudal pattern of topological

representation of oro-pharyngeal structures is not confounded due to
intemeuronal connections of intrinsic neurons in the VL.
Herrick (*06) distinguished two populations, dorsal and lateral,
of secondary gustatory neurons.

No such functional distinction was

observed in the present study, except that most of the proprioceptive
responses were obtained from the deep medial portion of the VL, where
non-gustatory, general visceral afferents are known to terminate in
the nucleus intermedius (nIV) (Kanwal and Caprio, 1984).

Single unit

recordings for long durations, however, are necessary to further
document the receptive fields and response characteristics of
individual gustatory neurons in the VL.

The observed instability in

the recorded activity of these neurons may be related to either a
small size of the cell body, unsuitable biophysical characteristics of
the cell membrane or their spatial orientation in the VL.
Neuroethological Significance
Well-defined sensory maps exist wherever localization of a
stimulus is of paramount importance, such as in the somatic cortex
(Kaas et al. 1979) and auditory cortex (Griffin et al. 1965, Simmons
et al. 1978, Suga et al. 1983) of mammals, inferior colliculus and
optic tectum of the owl (Knudsen 1982, Knudsen and Knudsen 1982) and
the FL of the catfish (Marui and Caprio 1982).

This is especially

obvious from the oro-pharyngeal map in the VL of the goldfish (Morita
and Finger 1985), where the palatal organ alone, which is critically
involved in food sorting, is sharply mapped.

The gill arches are only

diffusely mapped (with overlapping neighborhoods) onto regions of the

VL.

However, unlike (a) the auditory and visual systems of the owl

and the bat, and (b) the palatal taste system of the goldfish and the
extra-oral taste system 6f the catfish, the oro-pharyngeal taste
system of the catfish is not important for the localization of food.
This, in part, may account for the relative diffuseness of the
oro-pharyngeal map.

In this respect, the oro-pharyngeal taste system

of the catfish is functionally similar to the taste system of most
mammals.

Hence, unlike vision, audition and somatosensation, the

presence of a sharply defined gustatory map of the oral cavity in the
nucleus of the solitary tract of mammals is unlikely.

This suggestion

is supported by the recent detailed anatomical (Hamilton and Norgren
1984) and electrophysiological (Travers et al. 1986) studies of
medullary projections of oral structures in the rat.
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ABSTRACT

Horseradish peroxidase tracing and extracellular
electrophysiological recording techniques were employed to determine
the connectivity of gustatory nuclei in the forebrain of ictalurid
catfishes.

A portion of area dorsalis pars medialis was identified as

the telencephalic target of gustatory projections from small cells in
the lobo-bulbar nucleus in the ventral diencephalon.

Gustatory

neurons in the telencephalon send descending projections via the
medial and lateral forebrain bundles to several nuclei in the anterior
and ventroposterior diencephalon.

Another diencephalic nucleus

(labelled as D7) received gustatory projections from the secondary
gustatory nucleus in the isthmic region but did not project to the
telencephalon.

The interoceptive-visceral input, although closely

associated with the gustatory system, ascends to the forebrain in a
separate and parallel pathway.

Neurons in both the diencephalic (D7)

and telencephalic gustatory targets exhibit multiple extra-oral and
oral receptive fields and complex responses to taste and tactile
stimulation.
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INTRODUCTION

Among vertebrates, the telencephalon of actlnopterygii
(ray-finned fishes) has a unique pattern of development which involves
the process of eversion to varying degrees (Gage, 1893).

Such a

pattern of development has confounded the detailed analyses and
comparison of the neural organization of the actinopterygean forebrain
with that of other vertebrates.

Thus, for many years the

telencephalon of actinopterygeans was regarded as mainly an olfactory
center (Sheldon,

'12; Herrick,

'22), until modern neuroanatomical

methods indicated that olfactory input is restricted to only a few
areas in the telencephalon (Scalia and Ebbesson,

*71; Finger,

*75).

Recent studies on the telencephalon of teleosts (the major
sub-division of actinopterygii) also provided connectional evidence
for the representation of some of the non-olfactory senses, namely,
vision (Rakich et al.,

'79), lateral-line mechanoreception (Finger,

'80) and audition (Echteler,

'85).

Other reports even suggested

possible homologies of nuclear structures in the teleostean
telencephalon with that of land vertebrates (Echteler and Saidel,
Northcutt and Braford,
Davies,

'83).

this issue.

'80; Murakami et al.,

'81;

'83; Northcutt and

However, at present, there is no general agreement on
Thus, information on the intrinsic connections of the

teleostean telencephalon is scarce (Murakami et al., 83) and little is
known about the representation and brainstem-forebrain
interconnections of particular sensory systems, such as gustation.
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Ictalurid catfish possess an elaborate gustatory system with
taste buds distributed over the oral as well as the extra-oral
epithelium (Herrick,

'01).

Cranial nerve branches innervating each

population of taste buds, extra-oral and oral, project to distinctly
different portions of the brainstem via the facial and
glossopharyngeal-vagal (branchial branches) nerves, respectively
(Herrick,

'05).

The primary gustatory centers (facial and vagal

lobes) in the catfish brainstem are also correspondingly enlarged,
with each lobe having unique neural connections (Finger and Morita,
'85; Morita and Finger,

'85) known to coordinate different behavioral

repertoires during feeding (Atema, '71).

Thus, the facial lobe is

involved in food search, while the vagal lobe is important for
selective food ingestion.

Direct ascending and descending connections

of these primary taste centers have been extensively studied (Finger,
'78, '83; Morita and Finger,

'85).

The specialized development of the

taste system in the.catfish and the existing knowledge of
rhombencephalic gustatory connections make it feasable to investigate
further the pattern of neural circuits processing gustatory
information in the forebrain.
The present study is an electrophysiological and neuroanatomical
analysis of the neural organization of the gustatory system in the
forebrain of ictalurid catfish.

Information obtained in this study is

not only important for a general understanding of neural organization
in the actinopterygean forebrain, but also provides a foundation for
future electrophysiological experiments and neuroethological
investigations of central processing of gustatory information in the
brains of ictalurid catfish and other teleosts.

MATERIALS AND METHODS
Three species of ictalurid. catfishes (50-200 gms), Ictalurus
punctatus, I . catus and

nebulosus were selected because of their

availability and existence of anatomical and/or electrophysiological
data on their gustatory systems.

Except for a smaller size of the

cerebellum in the bullhead catfish, I_^ nebulosus. there is minimal
variability in the gross structure and general organization of the
brain in the three species (personal observation).

Most of the

results reported here were, however, obtained from the channel
catfish, Ictalurus punctatus.

The fish were obtained from a local

fish farm and maintained in aquaria (12:12 h light-dark cycle) for
less than two weeks before experimentation.

Neuroanatomical results

are based on horseradish peroxidase (HRP) injections in 46 animals,
while one animal was used for obtaining Nissl stained sections for
studying the normal pattern of fiber tracts and nuclei.
Electrophysiological recordings were obtained from over 10 animals and
in at least three cases HRP was successfully injected after recording
for 3 to 12 hours from the telencephalon of the same animal.
HRP Experiments
The animals were anaesthetized by transferring them to a tank
containing tricane methane sulphonate (MS 222, approx. 150 mg/liter).
The anaesthetized animals were positioned with metal clamps over a
Plexiglass base and artificially respired by water containing MS 222
(approx. 90 mg/liter).

The actual dose of the anaesthetic used varied

with the size and physiological condition of the animal.
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The relevant

portion of the cranium was removed by means of a dental drill and the
cerebrospinal fluid and mesenchymal tissues were manually aspirated
from the surface of the brain.

HRP (Sigma, Type VI) injections were

accomplished either by an insect pin coated with a paste of HRP made
with millipore-filtered, distilled water (Finger,
deeper regions using a micropipette.

'76) or injected in

The micropipette, heat-pulled to

a tapered tip (approx. 20 um in diameter) was fixed in a
micromanipulator and aligned to a freely suspended weighted thread to
ensure a vertical penetration.

Delivery of HRP (10-20% solution in

distilled water) was accomplished by means of pressure or
iontophoresis (15-20 uamps. for 10 to 15 mins.).
or without 1% lysolecithin.

HRP was applied with

The operated animals were allowed to

survive for 3 to 7 days before intra-cardial perfusion with
fresh-water teleost Ringer's followed by 4% glutaraldehyde in 0.1 M
phosphate buffer.

The brain was removed from the cranium, embedded in

either gelatin or egg-yolk and post-fixed for an additional 2-6 hrs.
The embedded brain was refrigerated and left overnight in a
sucrose-buffer solution.

Sectioning in the transverse plane was

generally done in a freezing microtome within a period of 2 to 5 days
from the time of fixation.

Sections were collected in cold 0.1 M

phosphate buffer and treated according to a modified Hanker-Yates
protocol (Bell et al.,
(Mesulam,

'81) or the tetramethyl benzidine method

'78).

For the principal experiment, HRP applications were made in
isthmic (6 animals), diencephalic (15 animals) and telencephalic (10
animals) nuclear regions related to gustation.

The habenular and

anterior commissures provided the zero coordinates for the

diencephalic and telencephalic centers, respectively.

In a few

animals, HRP was also applied to the medial and lateral regions of the
facial lobe and vagal lobe for stereotaxic localization of their
ascending projections.

In addition, HRP injections were made in the

primary general visceral nucleus of Cajal (GVN) and the secondary
general visceral nucleus (nVS).

These cases acted as controls for

tracing the general visceral pathway, which is known to ascend in
close proximity to the gustatory system in mammals (Ricardo and Koh,
'78).
Electrophysiological Experiments
Electrophysiological recordings of taste and tactile responses
were obtained from the anatomically determined diencephalic and
telencephalic gustatory areas.

The nature of receptive fields and

spontaneous rates of activity of a sample of neurons in the gustatory
centers in the forebrain of the channel catfish were analyzed from the
recorded neural activity.

Gustatory stimulation and recording

methodology was described previously (Kanwal and Caprio, Chapter 2).
A solution of bovine liver extract was used in addition to amino acids
and quinine hydrochloride for stimulation purposes.

ABBREVIATIONS
AC
BC
CB
cG
cia
CM
D
Dc
Dd
D1
Dm
Dp
FL
fR
GVN
HA
Hb
HoC
iaf
IL
IS
LL
LFB
MFB
mlf
nA
nC
nD
nE
nFu
nGS
nLBm
nLBp
nLV
nMD
nO
nPC
nPT
nR
nT
nTm
riVS
OT
P
PM
PP
PPa
PPp
Pr

anterior commissure
brachium conjunctivum
cerebellum
commissure of Goldstein
intejrauricular commissure of Wallenberg
corpus mammallare
area dorsalis telencephali
area dorsalis pars centralis
area dorsalis pars dorsalis
area dorsalis pars lateralis
area dorsalis pars medialis
area dorsalis pars posterior
facial lobe
fasciculus retroflexus
primary general visceral nucleus
anterior hypothalamic nucleus
habenula
horizontal commissure
Internal arcuate fibers
Inferior lobe
inner segment of the thalamus
lateral lemniscus
lateral forebrain bundle
medial forebrain bundle
medial longitudinal fasciculus
nucleus ambiguus
commissural nucleus of Cajal
nucleus diffusus
entopeduncular nucleus
medial funicular nucleus
secondary gustatory nucleus
magnocellular division of nucleus lobo bulbaris
parvocellular division of nucleus lobo bulbaris
nucleus of the lateral valvula
dorsal mesencephalic nucleus
occulomotor nucleus
paracommissural nucleus
nucleus of the posterior tubercle
raphe nuclei
nucleus taeniae
trigeminal motor nucleus
secondary visceral nucleus
optic tract
pituitary
magnocellular preoptic nucleus
periventricular preoptic nucleus
anterior segment of the parvocellular part of PP
posterior segment of the parvocellular part of PP
preoptic recess
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RF
S
SC

sv

tMC
T
TeO
TL
TS
tSG
tTB
V

V
VC
Vc
Vd-d
Vd-v
Vi
VL
VI
Vn
Vs
Vv

reticular formation
spinal cord
suprachiasmatic nucleus
saccus vasculus
anterior mesencephalocerebellar tract
telencephalon
optic tectum
torus longitudinalis
torus semicircularis
secondary gustatory tract
tecto-bulbar tract
ventricle
area ventralis telencephali
valvula cerebelli
area ventralis pars centralis
dorsal division of area ventralis pars dorsalis
ventral division of area ventralis pars dorsalis
intermediate nucleus of V
vagal lobe
area ventralis pars lateralis
nother nucleus of V
supracommisural nucleus of V
area ventralis pars ventralis

RESULTS

Nuclear Organization in the Catfish Forebrain
The occurance of eversion during development of the
actinopterygian forebrain and thus a nomenclature based on topology
(Neiuewenhuys,

'62a) is now generally accepted.

This nomenclature is

utilized for a general description of the nuclear domains in the
telencephalon of the channel catfish (Bass,

'81a).

In this study,

the description of the nuclear organization of the catfish forebrain
is extended to Include some of the unidentified regions of the
diencephalon in order to facilitate the analysis and unambiguous
communication of the results.
Transverse sections through the commissure of Goldstein (Fig.
la), through the anterior commissure (Fig. lb) and at the level of the
posterior end of the horizontal commissure, immediately anterior to
the habenular commissure (Fig. lc) indicate areas of the telencephalon
relevant to the present study.

D1 (Fig. lc) is a large nucleus with

medium sized cells (approx.30 urn) arranged in clusters or glomeruli.
Rostrally, D1 appears as a lobule in the ventrolateral part of the
telencephalon at the level of the caudal edge of the entopeduncular
nucleus (see Bass,

'81a).

At the anterior diencephalic level (Fig.

lc), D1 enlarges into a lateral lobule.

Cells in the ventral part of

the lobule are densely packed into a lamina, while in the dorsal
portion they remain well spaced.

At more caudal levels, D1 is reduced

in size and displaced medially by the nucleus diffuses (nD).

The

relative location and cellular arrangement within D1 is similar to the
103

104
nucleus preglomerulosus (nPG) of other teleosts (Schnitzlein,
Braford and Northcutt,

'62;

'83).

Sections through the anterior diencephalon (Fig. Id) in the
region of the nucleus of the posterior tubercle (nFT) (Finger,

'75)

are characterized by the dorsomedial curvature of the lateral recess
which appears as a 'C' turned sideways.

Dorsal to the lateral recess

two nuclei are seen to surround the caudal extension of Dl, here
labelled as D2.

A small group of roughly triangular large cells

(approx. 70 urn) is present dorsomedial to D2 and is labelled as D3.
Also, a few well-spaced, small, round cells surround them and are
intermingled with the magnocellular D3, which is relatively compact
and may represent a ventrolateral migration of the magnocellular
preoptic neurons.
caudal levels.

This nucleus disappears quite suddenly at more

D4 is a group of small, well-spaced cells which

surround D2 and extend medially.

D3 and D4 may be equivalent to the

outlying nuclei described by Braford and Northcutt ('83) for other
teleosts.

At about the same level, a small nucleus (D5) is present

around the dorsolateral border of the lateral recess.

This nucleus

has horizontally oriented, medium-sized, fusiform cells.

Rostrally,

(left side of Fig. Id) these give way to a group of large cells
extending towards the medial border of the ventral diencephalon
(hypothalamus), while posteriorly (right side of Fig. Id) they are
reduced to a thin lamina curving around the dorsolateral border of the
lateral recess of the inferior lobe (IL).
The posterior diencephalon (Fig. le) is characterized by a
reduction of the lateral recess to a small lacuna in the middle of the
IL and the appearance of a group of three distinct nuclei in the

Figure 1.

Photographs of selected Nissl-stained transverse sections

through the forebrain of the channel catfish.

The antero-posterior

level of each section (a through g) is indicated on a schematic of the
dorsal view of brain.

The sections show some of the relevant nuclear

cell groups identified previously (£ass,

'81a) and their topological

relationship with nuclei D1 through D7 identified in this study, d' is
slightly rostral to d and shows the exact portion of D5 where cell
bodies were seen labelled after telencephalic injections (see figure
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Fig.1

ventral diencephalon (presumed thalamic region) dorsal to the 1L.
Caudal to the nPT and immediately rostral to the level of le, D6
appears as a large C-shaped cluster of cells with a fiber fascicle
extending into the concavity of the 'C'.

In succeeding caudal

sections, D6 extends dorsomedially and becomes a small, compact
cluster of cells while retaining its characteristic shape.

D7 is a

further caudal continuation of D1 and D2 and is topologically
equivalent to the posterior thalamic nucleus (nTP) of the bullhead
catfish (Finger,

'78, '83).

D7 consists of relatively large cells

distributed diffusely around the ventrolateral border of D6.

At

levels caudal to that of le, D7 becomes quite compact and descends
ventrally to the level of the sulcus formed by the junction of the
with the torus.

D8 is medial to D6 and D7 and is characterized

IL

at

rostral levels by a concentric cell free zone with a small compact
nucleus In the center.

D8, however, becomes larger at caudal levels,

elongates in a caudomedial direction and may appear (depending upon
the exact plane of the section) to merge with D9 (Fig. If).

D9

is a

small to medium sized cell group .which appears at the posterior
diencephalic level and descends caudomedially to the level of the
medial lobule of the IL.

D9 is immediately dorsal to a distinct

crescent shaped periventricular nucleus that has been referred to as
the corpus mammallare or mammillary body (Marita and Finger,

'85).

The nucleus lobo-bulbaris (nLB), another postero-ventral
diencephalic nucleus (Fig. Ig), is here redefined to represent two
adjacent and intermingling groups of neurons.

The main part of the

nucleus consists of the large sized (magnocellular) neurons, while the
small, pear-shaped (parvocellular) neurons are mostly located

dorso-caudally of the magnocellular group.

The magnocellular division

is named as nLBm and projects to the FL and VL as described by Herrick
{'05) and confirmed experimentally in I\_ nebulosus (Morita and Finger,
'85).

The parvocellular division which is shown to project to the

telencephalon is referred to as nLBp.

HRP Experiments
Hindbrain Connections
Lateral and medial HRP injections made in the facial (FL) and
vagal lobes (VL) identified the stereotaxic location of the secondary
(isthmic) gustatory nucleus (nGS) in the brains of medium sized (15-20
cm) channel catfish (Fig. 2, sect. 6).

The center of this spherical

nucleus was estimated to be 0.7 mm from the midline, 2.5 mm rostral to
the posterior edge of the cerebellum and 3.2 mm deep from the surface
of the cerebellum.

Neurons in the FL and VL project bilaterally to

the nGS, although the ipsilateral projections are more dense.

The FL

projects to the medial and caudal regions of nGS whereas the VL
projects to a semi-spherical portion in the dorsolateral part of the
nucleus.

However, there is considerable overlap of FL and VL

projections in the caudal and lateral regions of the nucleus.
Anterograde and retrogarade transport of HRP after injections into the
FL and VL of the channel catfish confirmed the results obtained
previously for the bullhead catfish (see Finger,
Finger,

'85).

'78, 83; Morita and

Both FL and VL have reciprocal connections with the

nucleus lobo-bulbaris (nLB), while the other diencephalic nucleus,
which sends fibers to the FL, is located in the pretectal region (see

Figure 2,

Schematic chartings of diencephalic connections of the

secondary gustatory nucleus (nGS).

HRP was injected into the central

portion of the nGS shown as a solid black region surrounded by a
hatched zone to indicate the diffusive spread of HRP around the
injection site (section 6).

Orthogradely and retrogradely filled

axons and axon terminals are indicated by rows of dots, while terminal
fields are indicated by stippled areas.
shown as solid triangles.

Labelled cell bodies are

»
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Morita and Finger,

'85).

Isthmic Projections
Pressure injection of HRP into the nGS revealed its ascending
projections and the exact location of a reciprocally connected (Morita
and Finger,
(Finger,

'85) diencephalic taste nucleus referred to previously

'78, '83) as the posterior thalamic taste nucleus (Fig. 2).

A compact group of cell bodies were retrogradely labelled in the
ventro-lateral, posterior region of the diencephalon (D7 of fig. le) ,
slightly anterior and dorsal to nLB (Fig. 3a).

D7 was estimated to be

1.2 mm posterior to the habenular commissure, 1.5 mm from the midline
and 5.0 mm deep from the surface of the cerebellum.

This nucleus

sends its axons to the nGS and has fiber terminals distributed
diffusely in a small portion of the mesencephalic tegmentum (Fig. 2
sect. 1).

A distinct group of axons extends laterally and terminates

in the nucleus diffusus (nD) at levels in the plane of and anterior to
D7 (Fig. 2 sects. 1 and 2).

Injection of HRP into the lateral part of

the inferior lobe indicates that axons terminating in nD originate
from the cortical cells of nGS (Fig. 3b).

Dense fiber terminals were

also labelled throughout the caudal region of the inferior lobe (XL).
These fiber terminals were restricted to a chain of six circular (in
the transverse plane) fields extending from the lateral to the medial
border of the IL (Fig. 2 sect. 3 to sect. 5, 3c).

In the tapered,

caudal portion of the IL these fields converge to three large fields.
These terminal fields extend along the longitudinal axis of the IL and
are referred to as ltflL.

Injections into the most rostral portion of

the nGS labelled the terminal fields only in the lateral portion of
the IL (Fig. 3d) indicating the possibility of a topographic

Figure 3.

Photomicrographs of transverse sections from the forebrain

of the channel catfish,

a) HRP labelled neurons and axons in D7, a

posterior, ventral diencephalic nucleus (connectional equivalient of
nTP of Finger,

'78 and nucleus glomerulosus of Morita et al.,

'80).

b) Retrogradely filled cells in the cortical region of nGS after HRP
injection into the antero-lateral part of the inferior lobe,

c) HRP

labelled fibers descending into the inferior lobe and a series of
discrete, circular terminal fields of labelled axons, presumably from
D7, in the inferior lobe,

a) is slightly rostral to c ) .

d) HRP

labelled axon terminals in the lateral portion of inferior lobe after
injections into the rostral portion of nGS.
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relationship between these terminal fields and the nGS.

Cell bodies

in the FL and VL were also retrogradely labelled as observed in the
bullhead catfish (see Finger,

'78, '83; Morita and Finger,

'85).

Labelling was also observed in the cerebellum, but this was probably
due to leakage of HRP from the penetrating microelectrode as it was
inserted through the cerebellum for injecting HRP into the nGS.

The

leakage apparently resulted in dense labelling of the ipsi and
contra-lateral brachium conjunctivum and retrogradely labelled cells
in the tectum.

These results are not shown because forebrain

injections indicate that the cerebellar interactions of the gustatory
system (if any) are independent of its forebrain connections.
Forebrain Connections
Both large and restricted injections of HRP placed in the
posterior diencephalon identified the location of a gustatory area in
the telencephalon and specified connections of the gustatory system in
the forebrain of ictalurid catfish (Fig. 4).

In addition, injections

were made in the presumed telencephalic gustatory area in separate
animals to confirm its connections with diencephalic nuclei-.

Large

lateral and ventral injections (Fig. 4 sect. 11) covered regions of
the diencephalon including the nLB, D7 and sometimes D6.

Labelled

cell bodies were observed ipsilaterally in the nGS (Fig. 5a), the area
dorsalis pars medialis (Dm) and the medial portion of area dorsalis
pars centralis (Dc) in the telencephalon (Fig. 5b).

Fiber terminals

were observed in the FL and VL, in the nGS (Fig. 5a), in the ltfIL, in
the trigeminal motor nucleus, in Dm and medial part of Dc (Fig. 4
sect. 1, 5c).

Fiber terminals were also observed in the pretectal

region, near the habenula and diffusely in the mesencephalic tegmentum

Figure 4.

Schematic chartings of diencephalo-telencephalic

connections seen after placing relatively large quantities (80 to 100
nl) of HRP solution into the ventral diencephalon.

Solid black and

hatched areas indicate the HRP-injected site and diffusion zone,
respectively.

Portions of the injection site and diffusion zone

included the nucleus lobo-bulbaris, D7 and unidentified parts of the
ventral diencephalon.

Orthogradely and retrogradely filled axons and

axon terminals are indicated by rows of dots, while terminal fields
are indicated by stippled areas.
solid triangles.

Labelled cell bodies are shown as
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Figure 5.

Photomicrographs showing a) HRP labelled axons and cell

bodies in the nGS, b) sparsely distributed, retrogradely filled cell
bodies in the telencephalon, and c) Diffusely distributed axons in the
telencephalon, after injections of HRP in the region of D7 (see
arrows).
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(Fig. 4 sects. 9 and 10).

A few fibers crossed to the contra-lateral

side through the habenular commissure to terminate in the habenular
nucleus and ventral diencephalon (Fig. 4 sect. 10,11).
With restricted diencephalic injections, labelling in the nGS was
invariably accompanied by labelling of the longitudinal terminal
fields in the inferior lobe (ItfIL).

Fiber terminals were observed in

the FL and VL only if the injection site extended to a portion of nLB.
No part of the gustatory system including the relevant telencephalic
areas were labelled in cases where injections were restricted to the
dorsal thalamus or otherwise excluded both D7 and the nLB.
Most telencephalic injections can be divided into two categories.
Large injections of HRP resulted in label extending through the dorsal
portion of Dm including the medial part of Dc, while small injections
were limited mainly to the ventromedial portion of Dm (known to
receive gustatory projections).

This portion of Dm is here

arbitrarily referred to as the vDm (Fig. la,b), as no
cytoarchitectonic differences between different parts of Dm were
visible in a previous study (Bass, '80a).
may be regarded as dDm.

The remaining part of Dm

Since diencephalic injections indicated the

presence of gustatory neurons in vDm and a part of Dc, diencephalic
connections of these telencephalic regions are explained separately.
Area dorsalis pars centralis (Dc), and the dorsal region of pars
medialis (dDm):

Following HRP injections, fibers were seen to course

ventrally in the plane of the anterior commissure (Fig. 6 sect. 1,2)
and enter the lateral forebrain bundle (LFB), which is easily traced
caudally up to the level of the habenula and epiphysis.

At this

level, some fibers deviate dorsomedially and terminate in the nucleus

paracommissuralis (Fig. 6 sect. 3), while others are seen to extend
into Dl.

In one case, a few solitary fibers of LFB proper were seen

to turn medially and decussate through the horizontal commissure to
terminate in the caudal portion of the anterior hypothalamic nucleus
of the opposite side.
three components.

At adjacent caudal levels the LFB gives off

A few fibers, labelled as a' (Fig. 6 sect. 4),

extend ventromedially adjacent to the medial forebrain bundle (MFB)
and travel caudally before terminating in a midline structure, the
nucleus of the posterior tubercle (Fig. 6).

Several fibers, labelled

as 'b' (Fig. 6 sect. 4, 7a), course dorsomedially and descend in the
fasciculus retroflexus (fR) of the ipsilateral side and eventually
terminate ventromedially (ventral to decussation of the brachium
conjunctivum) in the isthmus.

The third group of fibers, labelled as

'c', split into a dorsal component which terminates throughout Dl and
a ventral component which descends caudally for a few hundred micra
and terminates extensively in the ipsilateral lateral part of the IL.
At the level of the lateral curvature of the ventricular recess of the
IL, the labelled fibers in LFB desegregate and terminate in the
vicinity of D2, D3 and D4, while others wander into the mesencephalic
tegmentum and the torus semicircularis (Fig. 6 sects. 5 and 6).

The

remaining labelled fibers in LFB course caudally to terminate
extensively in D8 and D9 (Fig. 7b and 7 c ) .
Ventral part ofarea dorsalis pars medialis (vDm). and the dorsal
region of pars medialis (dDm):

Following injections into this region,

labelled fibers are seen in the LFB because of inclusion of dDm in the
injection site (Fig. 8).

With a few exceptions, the pattern of

projection via LFB is similar to that explained above although only a

Figure 6.

Schematic chartings showing telencephalo-diencephalic

projections of neurons in portions of Dm and Dc after HRP injections
(shown by the solid black and hatched zone).

Orthogradely filled

axons and axon terminals are indicated by rows of dots, while terminal
fields are indicated by stippled areas.

The descending projections

are primarily ipsilateral except in the telencephalon where fibers
making intrinsic connections are seen to cross to the contralateral
side via the anterior commissure.
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Figure 7. a) Photomicrograph showing the pattern of projection of LFB
fibers in the anterior diencephalon,

b) Low, and c)

high-magnification photomicrographs showing a terminal field of
telencephalic gustatory neurons in the region of D8 and D9.
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few fibers are labelled.

No fiber terminals are observed in the ipsi-

or contralateral fR, the lateral part of the IL and raphe.

However,

in addition to the LFB, several labelled fibers are observed in the
medial forebrain bundle (MFB).

These descend to the level of the

anterior hypothalamus, where a few fibers course medially into the
region of the posterior tubercle.

The majority of the medially

directed fibers extend along the ventricular recess to end up as
laterally oriented, fusiform cells of D5, which further extend their
dendrites around the lateral recess of the hypothalamus (Fig. 8 sect.
5, 9a); others terminate in the region of D2.

The remaining labelled

fibers continue to descend in the MFB up to the level of D 9 , where
several axons are seen to terminate diffusely.

Small retrogradely

labelled cells are also seen in the dorsocaudal part of nLB (Fig. 8
sect. 8, 9b).

These are considered to constitute the parvocellular

division of nLB (nLBp).
Ascending Visceral Projections
HRP injections in the primary general visceral nucleus indicated
a bilateral projection to the isthraic region (Fig. 10a).

These

terminals are restricted to a triangular nuclear group located
dorsolaterally and rostral to the nGS (Fig. 10C).

The contralateral

projection is through the rostrodorsal component of the isthmic
commissure.

HRP injection into this secondary visceral nucleus (nVS)

indicates an ascending projection to the dorsal region of the anterior
hypothalamus.

Axons are seen to terminate diffusely around the

lateral recess (Fig. 10b).
Electrophysiological evidence
Electrophysiological recordings provided evidence for the

Figure 8.

Schematic chartings showing the connectivity pattern of

neurons in the forebrain after a small injection of HRP (shown by the
solid black area) was placed mainly in vDm and a small part of Dc in
the telencephalon.

Orthogradely and retrogradely filled axons and

axon terminals are indicated by rows of dots, while terminal fields
are indicated by stippled areas.
solid triangles.

Labelled cell bodies are shown as

These chartings were obtained from the brain of the

white catfish, 1^ catus.

Figure 9.

a) High magnification photomicrograph of HRP filled,

fusiform cells of D5 (see arrows) around the lateral recess of the
ventrical in the anterior diencephalon,

b) Photomicrograph showing

HRP filled neurons in the parvocellular division of nLB.
to magnocellular and parvocellular neurons of the nLB.

Arrows point
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Figure 10.

Schematic chartings showing the connections of the general

visceral system in the a) brainstem, and b) diencephalon, of the
channel catfish.

The injections sites are shown as solid black

surrounded by a hatched area.

Orthogradely and retrogradely filled

axons and axon terminals are indicated by rows of dots, while terminal
fields are indicated by stippled areas.
shown as solid triangles,

Labelled cell bodies are

c) Photomicrograph of HRP labelled fibers

in the secondary visceral nucleus (nVS) after placement of HRP
crystals in the primary general visceral nucleus.
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connections of the forebrain areas with the gustatory system.

The

location of gustatory neurons in the diencephalon coincided well with
the anatomically determined location of the diencephalic taste nucleus
(D7).

In the telencephalon, gustatory responses were obtained from a

laminar zone located medially, 0,1 mm anterior to the anterior
commissure and approximately 0.9 mm deep.

This zone is included in

the area receiving diencephalic gustatory projections.
Receptive fields of thalamic neurons varied from small extra-oral
domains to those extending over most of the body surface (Fig. 11),
and at least a few units responded to both taste and tactile
stimulation.

Telencephalic neurons

responded to amino acids and

liver extract applied to the gustatory epithelium.

Only the snout

region and oral cavity were mapped onto the telencephalic gustatory
zone (Fig. 12a).

Individual neurons had multiple receptive field

patterns; some fields were receptive to tactile stimulation alone,
while others responded to both chemical (taste) and tactile
stimulation.

Neurons were also found to respond differentially to

stimulation of separate receptive fields.

Preliminary results

indicate the presence of neurons with a complex response profile and
neuronal activity which was adaptive to continuous tactile stimulation
and responsive to low concentrations (up to 10

-9

M) of amino acids.

Of the 54 units analyzed, 33% were chemoresponsive, 19% were
mechanoresponsive, 24% were bimodal (chemo- and mechanoresponsive) and
24% showed no apparent response to either mechanical or chemical
stimulation.

Gustatory (chemical and tactile) neurons were

conveniently divided into two categories, those with high rates (>5
impulses/s, Fig. 12b) of spontaneous activity and those without any or

Figure 11.

A sample of electrophysiological recordings of a single

unit, presumably in D7, in the ventral diencephalon of the channel
catfish.

The tactile receptive field of this neuron extended

bilaterally over most of the body surface (shown by stippling on a
sketch of the dorsal surface of the catfish).

All responses were

obtained from the same recording site (B, see figure 4)
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Figure 12.

Recordings from the telencephalic gustatory area.

Letter

(A) indicates same recording site (telencephalon, see figure 4) and a
similar number indicates the same electrode position.

Chemoreceptive

(taste) and tactile receptive fields for the two neurons in a) are
shown by stippling,

b) recordings from chemoreceptive neurons with

high (10 impulses/s; small unit) and low (<0.1 impulses/s; large unit)
rates of spontaneous activity; these units responded (small unit
inhibited; large unit excited) best (response duration »
duration) to a solution of liver extract,

stimulus

c) few-unit recordings from

gustatory neurons with low rates (1 to 5 impulses/s) of spontaneous
activity and with a high sensitivity to amino acid stimulation of the
extra-oral suraface (snout region).
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possessing low rates (<5 impulses/s, Fig. 12c) of spontaneous
activity.

Neurons with a high rate (8.2 +2.9 impulses/s, n -14) were

mostly bimodal or chemoreceptive, while those with low rates (2.5 +1.1
impulses/s, n -36) were generally excited exclusively by mechanical
stimulation.

However, complete inhibition was also elicited by

mechanical and/or chemical stimulation for both types of units.
with a rhythmic pattern of spontaneous discharge (2 recorded and
analysed) possessed a high rate of spontaneous activity and were
unresponsive to gustatory stimulation.

Units

DISCUSSION

The Gustatory Forebrain
Teleosts
Previous studies on the central organization of the gustatory
system in teleosts are generally limited to the level of the brainstem
and its diencephalic connections (Finger,

'78; Morita, et al.,

'83; Finger and Morita, 1985; Morita and Finger,'85) .

’80,

Results

obtained in this study indicate the presence of a gustatory center in
the telencephalon of ictalurid catfish.

Like other non-olfactory

senses (vision, audition, lateral-line mechanoreception,
electroception), gustation is apparently represented in a restricted
area in the teleostean telencephalon.

However, the extreme

morphological diversity of the non-olfactory telencephalon among
different species of teleosts (Singh,
Braford,

'80; Schroeder,

'69, Bass,

'80; Northcutt and

'80) necessitates comparative studies on

other species to control for interspecific variability.
As suggested by Herrick ('05), the secondary gustatory nucleus
(nGS) projects heavily to the lateral lobule of the inferior lobe (IL)
and terminates in the mid-rostral part of the nucleus diffuses (nD).
This part of the ventral diencephalon is also known to receive
olfactory inputs and may be a center for correlation of taste and
olfaction as well as other-sensory inputs.

In addition, the present

results indicate that nGS has reciprocal connections with D7, which
suggests its equivalence with the nTP of Finger ('78) and the nG of
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Morita et al. ('80).

The D7 in turn, has several terminal fields

which extend longitudinally towards the caudal end of the IL.

The

possibility of these terminals belonging to neurons of the nGS, though
unlikely, cannot be excluded until anterograde projections of the nGS
can be distinguished from those of nG using autoradiography or
anterogradely transported dyes.
The facial and vagal lobes are known to have reciprocal
connections with the nLB (Morita and Finger,

'85).

Thus, ascending

gustatory input from the brainstem may actually reach the
parvocellular division of nLB (nLBp), which from the present evidence
projects to the telencephalon.

Thus, the nLBp may represent a

monosynaptic relay for the flow of gustatory information to the
telencephalon of the catfish.

Our results (Figs. 6, 8 and 13) also

indicate that telencephalic gustatory neurons in the ventral part of
Dm (area dorsalis pars medialis) and medial part of Dc (area dorsalis
pars centralis) project to rostral and postero-ventral portions of the
diencephalon via the lateral forebrain bundle (LFB).
Dc are largely in agreement with those reported for

Projections of
marmoratus

(Murakami et al.,

'83).

However, distinct projections to the D7 (nG

of Morita et al.,

'80) and optic tectum were not observed and only a

few scattered fibers were seen in the torus semicircularis and ipsi or
contralateral mesencephalic tegmentum.

Either a variation in the

technique for tracing antrerograde projections or in the size of the
lesion or injection site may account for the observed differences;
some disimilarities may also be a result of species differences.
Thus, in this study, restricted injections of HRP were placed only in
the medial part of Dc in contrast to large lesions which extended
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Figure 13.

A diagrammatic summary of the presumed gustatory

connections within the forebrain of ictalurid catfish.

Each

connection is shown from a separate cell body and along a separate
column, although multiple terminal fields and collaterals may exist
for some neurons.
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throughout the Dc in the telencephalon of S_^ marmoratus.

Similarly,

projections of the ventromedial part of Dm correspond primarily to
those of vDm of

marmoratus although a significant projection to the

inferior lobe was not evident.

HRP injections restricted to the

presumed gustatory portions of Dc and vDm show projections to and
dense terminals in portions of D8 and throughout D9, which seem to be
the main diencephalic target of gustatory feedback from the
telencephalon.

D9 may be the equivalent of the corpus mammillare of

other teleosts, although no relationship has been established with the
mammillary body of mammals, which receives telencephalic input from
several different modalities.

It is also not clear from the present

results whether projections of Dc and vDm to the rostral diencephalic
nuclei (D1 to D4) and nucleus of the posterior tubercle (nPT) are
gustatory in nature.

Most of these projections were observed in all

cases regardless of the locus of injection and may be attributed to
the spread of HRP to adjacent nuclei via damaged interconnecting
fibers at the injection site.

Thus, the filling of neurons in area

ventralis pars dorsalis (Vd) may be responsible for a few terminations
seen in nPT.

Additional neuroanatomical and electrophysiological

studies are necessary to resolve this problem.
Non-teleosts
Detailed studies on the organization of the gustatory system
among non-teleosts exist only for a few species of mammals (rat:
Norgren and Leonard,
et al.,

'73; rabbit: Yamamoto et al.,

'79; monkey: Beckstead et al., '80).

rat (Norgren and Leonard,

'80a; cat: Nomura

Initial studies in the

'73) indicated that central taste pathways

in the brainstem of mammals and fish are similar. .However, studies on
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the forebrain connections of the gustatory system in mammals indicate
some variation between species.

Thus, medullary gustatory efferents

directly reach a postero-medial, ventral thalamic taste area by way of
the central tegmental tract in the monkey, while in the rat, rabbit
and cat, cells in the parabrachial nucleus act as a synaptic relay of
ascending medullary efferents to the thalamic level.

Both patterns of

these diencephalic-brainstem connections are evident in 1^ nebulosus
(Herrick,

'05; Finger,

'83; Morita and Finger,

'85) and 1^ punctatus

(present study).
Detailed studies in the rat (Ricardo and Koh,
et al.,

'78; van der Kooy

'84) also indicate direct reciprocal connectivity between the

nucleus of the solitary tract and several cortical (opercular and
insular cortex) and subcortical (amygdalar complex) structures.
Although similar connections were not observed in any species of fish,
the present results suggest a monosynaptic relay from the primary
gustatory centers to a topologically equivalent (Northcutt and
Braford,

'80; Murakami et al.,

'83) structure in the pallio-striatal

area (portions of Dc and vDm) in .ictalurid catfish.

Hypothalamic

projections of this area also match with projections of the amygdalar
complex to the medial hypothalamus in the rat (van der Kooy et a l .,
'84).

Neo-cortical gustatory areas identified in the,monkey, rabbit

and the rat generally receive multisynaptic input from the brainstem
via the isthmic and/or thalamic nuclei (Burton and Benjamin,

*71;

Yamamoto et al., *80b), although a monosynaptic pathway via the
pontine taste area is also known in the rat (Lasiter et al., 82).
Comparisons of these connections with the catfish are not possible
because of an apparent lack of neocortical organization in the dorsal
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pallium of teleosts.
Gusto-Visceral Relations
A recent study indicated that gustatory (including branchial
visceral) and interoceptive visceral fibers terminate in distinctly
separate though adjacent regions (vagal lobe and general visceral
nucleus) of the brainstem (Kanwal and Caprio, chapter 1).

Some

overlap of these two visceral inputs, however, occurs in the caudal
part of the intermediate vagal nucleus (Kanwal and Caprio, chapter 2).
While investigating the forebrain connections of the gustatory system,
the study of the visceral system provided a method to control for
stray injections and labelling of non-gustatory projections.

The

isthmic center for visceral inputs is termed the secondary visceral
nucleus (nVS) and receives projections from the primary general
visceral nucleus (GVN).

Neurons in the nVS project to D2 located in

the vicinity of the lateral recess of the IL in the anterior
diencephalon.

D2 also receives descending input from the Dc/vDm in

the telencephalon and may be a region of gusto-visceral interaction,
assuming that the descending input is gustatory in nature.

The

location and cellular organization of D2 suggests that it is
equivalent to the nucleus preglomerulosus (nPG) of other teleosts
(Schneitzlein,

'62) (and of mammals).

Retrograde labelling of cells

in D5 also indicates the possibility of a telencephalic
interoceptive-visceral target adjacent to the gustatory area in the
telencephalon of the catfish.

This suggests an interesting

parallelism with the insular cortex of mammals (van der Kooy et a l . ,
'84).

In general, the interoceptive-visceral system in the catfish

ascends in a distinct yet parallel fashion adjacent to the gustatory
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system (Fig. 14).

Interneuronal interaction between the two systems

is, however, possible at several loci in the diencephalon and the
telencephalon.

In this respect, the gusto-visceral organization is

similar to that observed in mammals (Norgren and Leonard,
Norgren,

'71;

'78; Ricardo and Koh, '78).
Functional Significance

Little is known about the behavioral significance of the
telencephalon in teleosts.

Telencephalic ablation in Cyprinids does

not alter either food preference or the ability to find food in an
aquarium (Davis & Kassel,

'83) and in.Carassius auratus feeding

resumes within hours of removing the entire telencephalon.

Also,

mouth closing and evoked feeding were elicited by stimulation of only
diencephalic regions in the Lepomis and Tilapia, respectively (Demski,
'83).

However, according to one study on

auratus, electrical

stimulation of the telencephalon was sufficient to trigger feeding
behavior (Grimm,

*60).

Other experiments involving degeneration and

regeneration in the telencephalon suggest that the telencephalon of
bony fishes plays an integrative.role in the perception of olfactory
and some taste stimuli (Seegar,

'65).

The present localization of a

gustatory center in the telencephalon of ictalurid catfishes supports
this hypothesis.
Recently, attempts were made to homologize the actinopterygean
telencephalon with the striatum and pallium of land vertebrates
(Northcutt and Braford,
al., '83).

'80; Echteler and Saidel,

'81; Murakami et

Thus, portions of Dm and Dc are thought to be

representative of the amygdala and striatum of land vertebrates
(Northcutt and Braford,

'80, '83; Murakami et-al.,

'83).

Since the

Figure 14.

A diagrammatic scheme of the horizontal view of the brain

(excluding the telencephalon) of an ictalurid catfish showing the
separation of the interoceptive-visceral from the parallel gustatory
ascending projections and their principle nuclei in the brainstem and
diencephalon.

Only monosynaptic connections are diagrammed, although

interneurons may be interposed at each level.
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amygdala connects with the gustatory system via the MFB and taste
responses were recorded from a nucleus in the amygdalar complex in the
striatum of mammals (Azuma et. al.,

'84), the gustatory center in the

telencephalon of the catfish may be equated to the pallio-striatal
amygdala of mammals.

Recently, direct electrical stimulation of the

dorsolateral amygdaloid region altered gustatory responses of neurons
in the parabrachial complex in rabbits (Schwartzbaum,

'83).

In

addition, nuclei in the amygdalar complex are known to influence a
wide variety of motor responses related to feeding, drinking and
autonomic regulation (Foriberg,

'68), and lesions In the amygdala are

known to affect conditioned taste aversions in rats (Nachman and Ashe,
'74; Lasiter,

'82; Lasiter and Glanzman,

'85).

Furthermore, this

telencephalic gustatory area lies adjacent to the dorsal region of Vd
(Bass,

'80a), which is known to receive olfactory inputs (Bass'

'80b).

This provides topological support for the equivalence of the gustatory
portion of Dm to the mammalian amygdala, as the gustatory and
olfactory nuclei of the amygdalar complex also lie adjacent to each
other.
It is interesting to note that gustatory neurons in the
telencephalon have complex response patterns and multiple receptive
fields, such as that seen in the gustatory cortex of jnammals (Yamamoto
et al.,

'80b, '84).

Unlike peripheral recordings from the facial

(Caprio, '75, 78, Davenport and Caprio,

'82) and

glossopharyngeal-vagal (Kanwal and Caprio,

'83) nerves, gustatory

neurons were bimodal in nature and adaptive to continuous tactile
stimulation.

Like peripheral gustatory fibers, telencephalic neurons

responded to low concentrations of amino acids (alanine and arginine),

although the response pattern was more complex than that observed in
peripheral fibers.

Further studies on the electrophysiological

response properties and intrinsic anatomical connections of gustatory
neurons in the telencephalon can provide major insights into its
functional significance and the nature of information processing in
the actinopterygean forebrain.

Such data would also facilitate

comparisons with neural systems in the mammalian forebrain.

Thus, due

to the unique pattern of development of the actinopterygean
telencephalon and lack of information on the neural organization in
extinct ancestral vertebrates, at present the equivalence of neural
structures between teleosts and mammals is best explained as a case of
parallel or convergent homoplasy rather than a true homology
(Northcutt, '84) .
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GENERAL SUMMARY

.Ictalurid catfishes have taste buds distributed over their
entire body (extra-oral) surface as well as on the oro-pharyngeal
epithelium.

These taste buds are innervated by two distinct sets of

cranial nerve complexes; The facial (VII) nerve complex transmits
similar chemospecific information from all extra-oral taste buds and a
few in the anterior portion of the oral cavity, while the
glossopharyngeal-vagal (IX-X) complex innervates only oral taste buds.
The peripheral input from these two parts of the gustatory system is
also segregated centrally in the brainstem such that the facial nerve
roots project to the facial lobe and the glossopharyngeal-vagal nerve
roots project to the vagal lobe.

These nerve complexes form two

anatomically distinct gustatory systems namely, the facial or
extra-oral system and the vagal or oral taste system.
An investigation of the functional organization of the gustatory
system in the vagal lobe reveals an overlapping, segmental pattern of
projection of glossopharyngeal-vagal branches in contrast to a
well-defined pattern of termination of facial nerve branches in the
morphologically distinct lobules of the facial lobe.

Also, the

nucleus intermedius of the facial lobe (nIF) is identified as a
specific zone of convergence of facial and glossopharyngeal inputs.
The vagal complex itself is divisible into two parts.

The

interoceptive-visceral component has a unique pattern of central
projection in that it is segregated from the mixed exteroceptive
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(gustatory, general visceral and somatic) input from the
oro-pharyngeal region and projects bilaterally to the general visceral
nucleus in the brainstem.

Convergence between the

interoceptive-visceral and exteroceptive, oro-pharyngeal inputs occurs
in the nucleus intermedius of the vagal lobe (nIV).

In addition,

interaction between the visceral input from the anterior part of the
oral cavity and the posterior part of the oral cavity is possible in a
special region of the vagal lobe known as the dorsal cap.

These

findings indicate the possibility of medullary correlation of
extra-oral gustatory, oro-pharyngeal and interoceptive-visceral inputs
(which ascend to the forebrain along parallel pathways).

These

correlation centers may be necessary for the adoption of an effective
food-finding strategy.
Electrophysiological techniques further establish the presence of
overlapping taste and tactile sensory maps of the oropharynx in the
vagal lobe of the catfish.

The bimodal overlap suggests the

importance of both taste and tactile stimuli for the selection of
food.

The relatively diffuse nature of the vagal lobe map, indicated

by overlapping boundaries of mapped domains of oro-pharyngeal
structures, suggests that manipulation of food is of lesser importance
than food localization and pick up for effective food intake.
Neuroanatomical and electrophysiological evidence for the
presence of gustatory centers in the forebrain of the catfish suggests
a general similarity of the central gustatory pathways with land
vertebrates, especially mammals.

Diencephalic gustatory neurons

project to a small area in the forebrain (area dorsalis pars medialis
of the telencephalon) and this, in turn, projects to several areas in

the diencephalon of the catfish via the lateral and medial forebrain
bundles.

From a functional viewpoint, the telencephalic taste area

may correspond to the amygdala of mammals so that the forebrain
connections and hypothalamic (inferior lobe) projections of the
gustatory system may have an important role in the initiation and
control of food intake.
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Summary.

Electrophysiological recordings were obtained from two

branches of the facial nerve innervating oral and extraoral taste
receptive fields, respectively, in the channel catfish, Ictalurus
punctatus.

The results indicate that taste buds innervated by the

ramus ophthalmicus superficialis (ros), innervating taste buds on the
nasal barbel, and the ramus palatinus (rp), innervating taste buds on
the anterior palate, have similar chemical specificities for amino
acids.

Among the amino acids tested, the most stimulatory ones tested

for both the ros and rp were L-alanine and L-arginine, having
estimated electrophysiological thresholds of approximately 10

-9
M.

Dose-response functions for amino acid stimuli recorded from both the
ros and rp were power functions extending over five log units of
stimulus concentration.

The general similarity in the nature of the

taste input from spatially distinct gustatory areas supports a
chemotactic role of the facial taste system in the channel catfish.
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INTRODUCTION

Taste buds in all vertebrates are innervated by branches of
either the facial (cranial nerve VII), glossopharyngeal (IX) or vagal
(X) nerves.

In tetrapods, the receptive fields of these neurons occur

entirely within the oro-pharyngeal cavity, whereas in certain species
of fish, taste buds supplied by the facial nerve also occur
extra-orally.

The extra-oral taste buds are innervated by the facial

nerve which transmits gustatory information to the facial lobe in the
brainstem of the catfish.

1 12

Numerous extraoral taste buds ’

extensive branching of the facial nerve

12

,

and enlarged facial lobes

14

provide anatomical evidence for the specialized development of the
extraoral taste system In ictalurid catfish.

Various facial nerve

branches innervate taste buds located on the maxillary, mandibular and
nasal barbels, flank, head region and lips

12

.

Besides innervating

taste buds on widely distributed regions of the external body surface,
at least one branch of the facial nerve, the ramus palatinus (rp),
supplies taste buds in the anterior region of the oral cavity

12

Previous studies in the channel catfish, Ictalurus punctatus, Indicate
that taste responses to amino acids of the facial nerve innervating
3 4
7
taste buds on the maxillary barbel ’ and flank are similar, but have
somewhat different properties than taste buds within the oral cavity
supplied by the glossopharyngeal or branches of the vagus nerve

20

Electrophysiological recordings from the major branches of
gustatory nerves in a single species of fish can provide critical
information regarding the nature and diversity of taste quality input
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to the fish brain.

In only a few species of fish do

electrophysiological data exist that allow for a preliminary
comparison of response properties of the facial nerve innervating oral
and extra-oral gustatory regions

11 15 17 19 21
’ ’ ’ ’

The present study in

the channel catfish determined the response properties of two discrete
branches of the facial nerve, the ramus ophthalmicus superficialis
(ros) and the ramus palatinus (rp), innervating taste buds on the
nasal barbel and anterior palate, respectively.

Further, these

results from facially innervated oral and extraoral gustatory regions
are compared with taste responses to amino acids obtained from more
caudal oral regions in the same species innervated by glossopharyngeal

.

i

and vagal nerves

20

MATERIALS AND METHODS
Animal Maintenance and Imm obilization:
Procedures similar to those reported earlier

3

were employed in

the present study.
Surgical and Recording Methods:
The fish was laid on its side in a Plexiglass container and
enucleated.

The ramus ophthalmicus superficialis (ros) located in the

dorso-lateral region of the eye socket and the ramus palatinus (rp)
lying more medially were transected in different preparations.

The

peripheral end of each of the nerves was desheathed and teased into
smaller fiber-bundles.

Multiunit neural responses from the respective

nerve bundles were recorded with a Pt-Ir hook electrode, a.c.
amplified, processed by a "leaky" Integrator circuit (0.5 sec rise
time) and displayed on a chart recorder.

Stable recordings ranged

from 7 to 15 hours for the better preparations.

Stimulus Preparation and Application
Stock solutions of commercially obtained amino acids were
prepared weekly at 0.1M in charcoal-filtered well water and stored
refrigerated in glass bottles.

Dilutions were made prior to each

experiment and equilibrated to room temperature before application.
The pH of the test stimuli ranged between 7.1 and 8.3.

A constant

flow of well water at 15 ml/min was maintained over the gustatory
receptive fields.

Aliquots of 0.8ml stimuli introduced into the

stimulus injection port (i.e. "applied concentrations") were diluted
to approximately 45% as determined by photodensitoraetry of dye
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solutions.

The dye appeared at the output of the stimulus delivery

system 3 seconds after injection and the rise time was approximately
20 seconds measured at 37% of the peak concentration.

Stimulus

concentrations reported in this paper are the applied concentrations
unless otherwise stated.
In order to prevent effects due to adaptation, interstimulus
intervals for the more effective stimuli ranged from 2 min for <10
stimuli to 8 min for stimulus concentrations > 10

_2

M.

relative effectiveness of various amino acids at 10
intervals were 3 min.

*4-

For testing the

.3
M, interstimulus

Both the oral cavity and the glass stimulus

injection port were rinsed with well water from disposable transfer
pipettes between each stimulus application to prevent possible
cross-contamination.

Control solutions of well water were applied at

regular intervals to monitor the level of contamination of the
stimulus delivery system.
continuous flow of 10

For the cross-adaptation experiments, a

-4
M adapting stimuli, either L-alanine or

L-arginine, was maintained over the taste receptor regions.

Controls

for the cross-adaptation experiments consisted of 0 .8ml samples of the

10

-4
M adapting solution added to the continuous flow of the same

stimulus bathing the taste region.

RESULTS
All chemical responses obtained from the ros and rp were phasic
in nature regardless of the duration of the applied stimulus (figure
1).

The response specificity of the taste receptors innervated by

these two nerves was measured using eleven amino acids that were
previously used to test the chemospecificity of facial nerve branches
3 4
7
innervating taste buds on the maxillary barbel ’ and flank in the
same species.

L-alanine and L-arginine were the most stimulatory

amino acids tested for taste buds innervated by either the ros or rp
nerves (figure 2),

Among the other amino acids tested, L-histidine,

L-serine, glycine, glutamine and L-cysteine were moderately
stimulatory resulting generally in >50% of the integrated response to
10

-3
M L-alanine (standard) for both the ros and rp.

The least

stimulatory amino acids were L-lysine, L-threonine, L-proline and
L-aspartic acid, which resulted in taste responses < 50% of the
standard.

A highly significant correlation (r«0.89, p<0.001) was

obtained between the taste responses of the ros and rp (figure 2 ,
inset).
The relative magnitude of the integrated taste response to
L-alanine and L-arginine increased exponentially with a logarithmic
increase in stimulus concentration over a concentration range
extending from 10

"

8

M to 10

“3

M,

A conservative estimate of threshold

was established as the stimulus concentration that produced a taste
response two standard deviations above the control level.

For both
I
nerves, electrophysiological thresholds to L-alanine and L-arginine
were estimated 10

-9
M, and dose-response relationships were described
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Figure 1.

Integrated, facial taste recordings to continuous

application of amino acids to the palate and nasal barbel showing the
phasic nature of the taste responses of the ramus palatinus (rp) and
ramus ophthalmicus superficialis (ros), respectively.
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Figure 2.

Comparison of the relative stimulatory effectiveness of

eleven amino acids recorded from the ramus ophthalmicus superficialis
(ros) and ramus palatinus (rp).
response to 10

-3
M L-alanine.

All responses are standardized to the

Numbers refer to the number of fish

tested; bars indicate standard deviation; CON equals the response to
control well water injected into a continuous flow of well water
bathing the taste receptive fields.

Inset shows the correlation

between the relative stimulatory effectiveness of amino acids recorded
from the ros and rp.

The correlation coefficient is 0.89 (p<0.001).
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by power functions with slopes < 0 . 2

(figures 3a and 3b).

However,

based upon a test for differences in linear regression between the
full and reduced model

28

(for ros, p<0.05; for rp, p<0.001), both

L-alanine and L-arginine exhibited dose-response curves with
significantly steeper slopes recorded from the rp (L-alanine-0.17;
L-arginine-0.16) than from the ros (L-alanine-0.12; L-arginine-0.13).
_3
Also, at stimulus concentrations > 10

, the magnitude of the taste

responses recorded from the ros appeared to saturate, whereas the
responses from the rp continued to increase up to 10
of L-alanine and L-arginine.

_2
M concentration

Other less potent amino acids, such as

glycine and proline, were described by similar dose-response
relations, but the taste responses of both nerves to these compounds
did not saturate even at 0.1M applied stimulus concentrations.

The

maximum integrated taste responses to these amino acids were, however,
equal to the maximum response elicited by alanine or arginine.
Reciprocal cross-adaptation experiments with L-alanine and
L-arginine, were performed in at least one fish for both the ros and
rp (figure 4a and 4 b ) .

Continuous application of L-alanine to the

taste receptive field failed to depress the responsiveness to
L-arginine when applied at a concentration equal to or lower than that
of the adapting stimulus.

Similarly, L-arginine failed to depress the

taste response to L-alanine.
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Figure 3.

Dose-response functions for L-arginine (a) and L-alanine

(b) recorded from the ramus ophthalmicus superficialis (ros) and the
ramus palatinus (rp).

Slopes of the best-fit line for the responses

to L-arginine and L-alanine in the ros were 0.13 and 0.12,
respectively, whereas the corresponding values for the rp were 0.16
and 0.17.

Unfilled symbols indicate data points that were excluded

from the aggregate when obtaining the best-fit line; cont. indicates
the response to control well water.

o

r

0
Q

a

2

o

c-

>
F ig .
UJ

O

LOG

2
M
*

5 -

W
>

•«-

i

2
i-*
** 03
O
3
.

LJ ■ -

£81

NEUTRAL

V

n

RESPONSE
Q

;-r
1

184

Figure 4.

Reciprocal cross-adaptation studies indicate the presence

of relatively independent receptor mechanisms for alanine (a) and
arginine (b) for the rp (a) and ros (b),
10

Continuous presentation of

“A
M L-alanine (a) to taste buds on the rostral palate eliminates

subsequent response to alanine, whereas the responses to arginine are
maintained.

Following the cessation (off) of the adapting stimulus,

L-alanine, and resumption of well water flow over the taste receptive
fields of the palate, responses to both alanine and arginine are
evident,

(b) Adaptation of taste buds on the nasal barbel to

L-arginine eliminates the taste response to itself, but not to
L-alanine.

Upon termination (off) of the adapting solution,

L-arginine, the responses to arginine and alanine are evident.
indicates the control response and consists of aliquots of the
adapting stimulus delivered into a continuous flow of the same
solution bathing the taste receptive regions.
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DISCUSSION
Taste recordings in the channel catfish:
The present results of taste recordings to amino acids from
branches of the facial nerve innervating taste buds located on the
nasal barbel and anterior palate in the channel catfish are similar to
reports describing amino acid taste responses of other facial nerve
branches in the same species.

L-alanine and L-arginine, the most

stimulatory compounds tested for taste cells innervated by the ros and
rp, are also the most potent stimuli for taste receptors on the
3 4
7
maxillary barbel ' and flank .

Interestingly, a similar

chemospecificty is found among taste buds located on the floor of the
oral cavity and first gill arch innervated by the glossopharyngeal
nerve and along the more posterior gill arches innervated by branches
of the vagal nerve

20

.

Thus, the gustatory specificity of the channel

catfish to amino acids determined from integrated, multiunit activity
of first order gustatory afferents is quite uniform among spatially
segregated (oral and extra-oral) and differentially innervated taste
buds.
Cross-adaptation experiments in the channel catfish involving
taste buds supplied by the ros and rp indicate that alanine and
arginine bind to relatively independent receptor sites on taste cells.
A similar situation exists in the same species for the interaction of
alanine and arginine with facially innervated taste cells located on
the maxillary barbel

5

and flank

7

and in the oro-pharyngeal cavity

innervated by glossopharyngeal and vagal nerves

186

20

.

Single unit

187
responses from facial nerve fibers innervating taste buds on the
maxillary barbel

5

and flank

of taste fibers exist.

7

indicate further that at least two types

One fiber type responds with highest frequency

(i.e. "best") to L-alanine and the other responds best to L-arginine
at equal stimulus concentrations.

Although in the present experiments

single taste units were not studied, the results from the
cross-adaptation experiments and the similarity in amino acid relative
effectiveness to other facial nerves where unit taste data exist,
suggest a high probability of occurence of these fiber types in the
ros and rp.
Gustatory dose-response functions to amino acids determined from
recordings from the ros and rp were similar to those obtained from
4 5 7
other branches of the facial nerve ' ’ and glossopharyngeal and vagal
nerves

20

in the channel catfish.

In all cases, the integrated taste

responses are described by power functions over multiple log unit
steps of stimulus concentration^.

Further, the exponents (i.e.

slopes) of these power functions plotted on log-log axes are much less
than one indicating sensory compression, whereby successive increments
in stimulus concentration produce smaller and smaller increments in
response

29

A question of the present study was whether the taste responses
of the palate innervated by the rp would be similar to responses of
extra-oral branches of the facial (VII) nerve or would have
characteristics more resembling those of the oral,
glossopharyngeal-vagal (IX-X) system.

Taste responses of the

extra-oral taste system to amino acids, in comparison with those of
the oral system, are characterized as being more sensitive, having
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dose-response curves described by power functions with smaller
exponents and having a tendency for saturation to concentrations of
potent amino acid > 10

-3
M (Table 1).

The present data indicate that

recordings from the rp resembled more those from the ros and from
other extra-oral branches of the facial nerve than those from the oral
IX-X system.

Thus, a similar chemical response profile of facially

innervated taste buds irrespective of their anatomical location, oral
or extra-oral, exists in the channel catfish.

Taste recordings in other species of teleosts:
Facial nerve recordings in other fishes were obtained by
stimulation of extra-oral taste buds of the upper or lower lip, or
barbels, or the anterior palate in different species.

In addition to

the channel catfish, only in the Japanese puffer (Fugu pardalis) . red
sea bream (Chrysophrys major). Japanese minnow (Pseudorasbora parva)
and carp (Cyprinus carpio) were taste recordings to the same stimuli
obtained from branches of the facial nerve innervating oral and
extra-oral taste buds in the same species.

Generally, these reports

support the present findings of a similarity in the gustatory response
properties of different branches of the facial nerve in the channel
catfish.

In the puffer, taste thresholds for glycine, and uridine

monophosphate were similar whether recorded from the ramus maxillaris
innervating the upper lip or the ramus palatinus innervating the
palate^.

The rank order of 16 amino acids were also similar in the

sea bream for electrophysiological recordings to the same stimuli
obtained from branches of the facial nerve innervating the lower lip
and palate, respectively

11

.

Thresholds and dose-response

TABLE 1.

RESPONSE CHARACTERISTICS OF TASTE NERVES IN THE CHANNEL CATFISH

Nerve (cranial nerve)

Innervation

5

Estimated threshold
to L-alanine
.
7v
and L-arginine
slope

Saturation of Response
to Alanine and Arginine

ramus mandibularis (VII)

caudal maxillary barbel

< 10'9M

0.19

sometimes > 10 -2«

r. recurrens facialis (VII)7

flank

i o '8 *4m

0.15

> 10'4H

r, ophthalmicus superficialis (VII)

nasal barbel

i o '9m

0.13

> 10'3M

r. palatinus (VII)

anterior palate

10 "9m

0.17

> 10"2m

floor of oral cavity
and first gill arch

i o '7,4m

0.20

not evident up to 10'^

caudal gill arches

10 '8m

0.21

not evident up to 10 "3M

glossopharyngeal (IX)

,,,.20

vagus (X)

20

*based on best-fit line on double-log axes
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relationships for the classical taste stimuli (i.e., sodium chloride
and divalent salts, sucrose, quinine hydrochloride and hydrochloric
acid) obtained from taste recordings from the ramus maxillaris in the
Japanese minnow

21

closely resembled those from the ramus palatinus

19

In the carp, however, some differences to the classical taste stimuli
were noted for responses of the maxillary

10

and palatal

nerves and are described by Funakoshi et a l ^ .

23

facial

Recently, in the carp,

amino acid sensitivity of taste buds on the lower lip, barbels and
anterior portion of the oral floor innervated by the ramus
mandibularis of the facial nerve was determined

27

.

Although a

quantitative study of taste responses to amino acids has not yet been
reported for other gustatory nerves in the carp, glycine was shown to
be stimulatory for both the mandibular

27

and palatine

16

nerves.

In the channel catfish, the phasic nature of the taste response
to amino acids is a characteristic of all facial nerve recordings
regardless of the area of innervation.
salmon

30

, the Japanese eel

31

In contrast, in the Atlantic

and the Japanese minnow

19 22
' , the facial

nerve responses had a phasic as well as a tonic compenent.
sea bream

11

In the red

a phasic taste response was obtained consistently from the

facial nerve but in the rainbow trout

26

, responses to amino acids were

phasic, while those to taurolithocholic acid revealed both a phasic
and a tonic component.

The nature of the amino acid dose-response

function varies somewhat between different species of fish tested but
distinct power functions to amino acid stimuli have been obtained only
3 7 20
22
In the channel catfish ’ ’
and the Japanese minnow
Neuroethological aspects:
On the basis of anatomical findings, Herrick

12

first suggested

that facially innervated taste buds located on the external body
surface of the catfish are related to taste buds within the mouth.

A

large chemosensory surface with different regional chemical
specificities could provide a spatial code for the discrimination of
chemical quality.

A possible example of this is the heterogeneous

distribution of receptor types in the olfactory mucosa of the
salamander

24

.

Alternately, the increased signal collecting area of a

large field with uniform chemosensitivity could lead to a high
resolution of the directional source of the chemical stimulus and thus
facilitate chemotaxis.

As was determined in this and previous

3 4 7 20
studies ' ’ ’ , gustatory specificity to amino acids in the channel
catfish is highly similar no matter where the taste receptive fields
are located or which cranial nerve innervates them.

The uniformity in

the electrophysiological characteristics of the facial nerve branches,
innervating numerous, widely-distributed'*’ taste buds, may be an
important aspect of the underlying mechanism which enables the catfish
to quickly and effectively localize the source of a taste stimulus in
its environment.

This ability of ictalurid catfish is well-documented

1 2 13 18
through several behavioral experiments ’ ’ ’

Further, spatial

taste and tactile information in the channel catfish are retained in
the primary taste center by being somatotopically mapped onto the

8 9 25
facial lobe ’ ’ .

Thus, relative changes in the regional activity of

facial lobe neurons could indicate positions in space of food sources
and lead to appropriate reflexive turning movements through a
relatively simple pattern Of neural connectivity between special
visceral sensory (taste) and somatic motor fibers.

192

Acknowledgements.
assistance.

We thank Ms. Lynnda Halbrook for secretarial

Supported by NIH grant NS14819 to J.C. and by the

Department of Biological Science, Florida State University, for work
conducted by I.H.

REFERENCES

1.

Atema J., Structures and functions of the sense of taste in the
catfish (Ictalurus natalis). Brain Behav and Evol 4(1971)273-294

2.

Bardach, J.E., Todd, J.H., and Crickmer, R . , Orientation by taste in
fish of the

3.

Caprio, J.,

genus Ictalurus. Science 155(1967b)1276-1278

High sensitivity of catfish taste receptors to amino

acids. Comp Biochem Physiol 52A(1975)247-251

4.

Caprio, J.,

Olfaction and taste in the channel catfish: An

electrophysiological study of the responses to amino acids and
derivatives. J Comp Physiol 123(1978)357-371

5.

Caprio, J., High sensitivity and specificity of olfactory and
gustatory receptors of catfish to amino acids.
Chemoreception in Fishes.

In: Hara T J (ed)

Elsevier Scientific Publishing Co.,

Amsterdam.(1982)109-133

6.

Caprio, J., Olfaction and taste in fish.
Maddrell S U P

In: Bolis L, Keynes R D,

(eds) Comparative Physiology of Sensory Systems.

Cambridge University Press, New York.(1984)257-283

193

194

7.

Davenport, C.J. and Caprio, J., Taste and tactile recordings from
ramus recurrens facialis innervating flank taste

the

buds in the catfish.

J. Comp Physiol 147(1982)217-229

8 . Finger, T.E., Gustatory pathways in the bullhead catfish. 1.
Connections of the anterior ganglion. J Comp Neurol 165(1976)513-526

9.

Finger, T.E., Gustatory pathways in the bullhead catfish. II.Facial
lobe connections. J Comp Neurol 180(1978)691-706

10.

11.

Funakoshi, M . , Kawakita, K . , Marui, T . , Taste responses in the facial
nerve of

the carp, Cyprinus carpio L. Jpn J Physiol 31(1981)381-390

Goh, Y. ,

and Tamura, T . , Olfactory and gustatory responses to amino

acids in two marine teleosts- red sea bream and mullet; Comp Biochem
Physiol 66C(1980)217-224

12.

Herrick, C.J., The cranial nerves and cutaneous sense organs of the
North American siluroid fishes.

13.

Herrick,

J Comp Neurol 11(1901)177-249

C.J., The organ and sense of taste in fishes. Bull US Fish

Comm 22(1904)237-272

14.

Herrick, C.J., The central gustatory paths in the brains of bony
fishes. J Comp Neurol 15(1905)375-456

195
15.

Hidaka, I., Taste receptor stimulation and feeding behavior in the
puffer. In: Hara T J (ed.) Chemoreception in Fishes. Elsevier
Scientific Publishing Co, Amsterdam.

16.

(1982)243-257

Hidaka, I., and Yokota S., Taste receptor stimulation by sweet-tasting
substances in the carp. Jpn J Physiol 7(1967)652-666

17.

Hidaka, I., Kiyohara S, Tabata M, Yonezawa K . , Gustatory responses in
the puffer. Bull Jpn Soc Sci Fish 41(1975)275-281
3(1978)341-354

18.

Johnsen, P.B., and Teeter, J.H., Spatial gradient detection of
chemical cues by catfish. J Comp Physiol 140(1981)95-99

19.

Kaku, T.M., Tsumagari, S., Kiyohara, S., and Yamashita, S., Gustatory
responses in the minnow, Psuedorasbora parv. Physiol Behav
25(1980)99-118

20.

Kanwal, J.S., and Caprio, J., An electrophysiological investigation of
the oro-pharyngeal (IX-X) taste system in the channel catfish,
Ictalurus punctatus. J Comp Physiol 150(1983)345-357 .

21.

Kawamura, T . , and Yamashita, S., Chemical and thermal responses from
buccal and maxillary nerves in the minnow, Pseudorasbora parva. Comp
Biochem Physiol 69A(1981)187-195

196

22.

Kiyohara, S., Yamashita, S., and Harada, S., High sensitivity of
minnow gustatory receptors to amino acids. Physiol Behav
21(1981)1103-1108

23.

Konishi, J., and Zotterman, Y . , Taste functions in fish. In: Olfaction
and taste, Proc First Int. Symp. Pergamon Press, New York (1963)pp
215-233

24.

MacKay-Sim, A., Shaman, P., and Moulton, D.G., Topographic coding of
olfactory quality: odorant-specific patterns of epithelial
responsivity in the salamander. J Physiol 43(1982)584-596

25.

. Marui, T . , and Caprio, J., Electrophysiological evidence for the
topographical arrangement of taste and tactile neurons in the facial
lobe of the channel catfish. Brain.Res 231(1982)185-190

26.

Marui, T . , Evans, R.E., Zielinski, B . , and Hara, T.J., Gustatory
responses of the rainbow trout (Salmo gairdneri) palate to amino acids
and derivatives. J Comp Physiol 153(1983)422-433

27.

Marui, T., Harada, S., and Kasahara, Y . , Gustatory specificity for
amino acids in the facial taste system of the carp, Cyprinus carpio L.
J Comp Physiol 153(1983b)299-308

28.

Neter, J., and Wasserman, W . , Applied linear statistical models.
Homewood IL, R.D. Irwin (1974)

197

29.

Rifkin, B., and Bartoshuk, L.M. , Taste synergism between monosodium
glutamate and disodium 5-guanylate. Physiol Behav 24(1980)1169-1172

30.

Sutterlin, A.M., and Sutterlin, N., Taste responses in Atlantic salmon
(Salmo salar) . J Fish Res Bd Canada 27(1970)1927-1942

31.

Yoshii, K . , Kamo, N . , Kurihara, K . , and Kobatake, Y . , Gustatory
responses of eel palatine receptors to amino acids and carboxylic
acids. J Gen Physiol 74(1979)301-317

VITA

NAME: Jagmeet Singh Kanwal
BIRTHPLACE AND DATE: New Delhi, India, July 4, 1957
HIGH SCHOOL EDUCATION:
Institution
St. Columba's High School
New Delhi, India

Dates
Jan. 1961- Dec. 1973

COLLEGIATE EDUCATION:
Institution

Dates

Degree

Delhi University

1974-1977

B.Sc.(Hons.)
Zoology, 5/77

Guru Nanak Dev University

1977-1979

B.S. (Hons,
school In
Biology), 5/79

Louisiana State University
Baton Rouge, Louisiana

1979-1982

M.S.
(Physiology),
5/82

GRADUATE ASSISTANTSHIPS:
Teaching: Biology 1003,
Zoology 1001,
Zoology 1002,
Elem. Physiol.,
Mamm. Physiol,,

2156
4160

4
1
1
2
3

semesters
semester
semester
semesters
semesters

Research: Chemoreception in the catfish, 4 semesters
Neuroanatomical studies on the gustatory system
of the catfish, 2 semesters (University of
Colorado, School of Medicine)

198

